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People have been using different means of transportation for moving 
from one place to another from the very primitive days of human civilization. 
However, a revolutionary development in this context has been the evolution of 
automotives. The twentieth century witnessed a technological development, that has 
tremendously changed the face of human life. Today a very large segment of human 
population interacts with the automobile world in almost every walk of life. Moving 
to office, visiting the natives and friends, attending the parties/celebrations right 
from morning till late nights, the automobile is the companion of people. Yet due 
attention has not been paid to the human factors with the result that the present days 
human-vehicle systems are in dire need of being redesigned more ergonomically so 
that these become more compatible and comfortable for the end-users of the vehicle, 
thereby avoiding their health impairments. One of the important factor which is 
responsible for discomfort/health impairment is the vehicle vibration. Present study 
made an attempt to explore the effect of vibration on humans in a driving 
environment. 
In all, nine studies were undertaken to investigate the effects of 
organismic variables, sex, age and laterality on human performance under the 
impact of the vibration induced stresses in humans while moving in four wheelers. 
A pool of subjects was selected through an analysis of the data 
related to organismic characteristic of sample population and the sample sets with 
appropriate subject characteristics were selected for different studies constituting the 
present research. Performance of the operators was measured in terms of human 
response time through human response measurement system, developed 
indigenously in the Ergonomics Laboratory of the Department of Mechanical 
Engineering, Aligarh Muslim University, Aligarh (India). The reaction time 
(measuured in milliseconds) of the operator was measured when the task was carried 
out under varying levels of vehicular vibration. Two independent variables viz. 
vibration level and difficulty index level having 4 and 3 levels respectively were 
explored in all the nine studies undertaken in the present work. The third factor that 
varied from study to study was sex (study -1, -2, and -3), age (study -4, -5 and -6) 
and laterality (study -7, -8 and -9). A 2 (the varying factor) x 4 (vibration level) x 3 
(difficulty index level) kind of factorial design with repeated measures on the last 
two factors was employed in all the investigations except the one involving age 
where the varying factor i.e. age was at 4 levels. 
Experimental task performed by the subjects was explained and 
subjects were asked to respond to the stimuli presented to them at varying levels of 
vibration. For this purpose, two boards, one operated by experimenter having three 
bulbs (Red, Green and Blue) and the other operated by subject, having three 
locations namely location 1, having Red bulb, location 2, comparising of Red and 
Green bulbs and location 3, with Red, Green and Blue bulbs, were used. The subject 
was asked to switch on at location 1 after the bulb of the same colour is observed to 
be glowing on the experimenter's board. The subject was having prior information 
that red bulb will be illuminated (simple reaction time). Same procedure was to be 
used in the second setting with the difference that out of the two bulbs on the 
experimenter's board any one could be lighted and by seeing the colour of the 
lighted bulb, the subject had to switch on the bulb of same colour present at location 
2, this being a case of the choice reaction time having two alternatives. Similarly for 
the third setting, experimenter switched on anyone of the three bulbs present on the 
board and the subject responded by switching the same coloured bulb on present at 
location 3 (choice reaction time having three alternatives). 
The first experiment (study -1) investigated the effect of sex on 
human performance in the task of varying difficulty index levels under no vibration 
and three other power average levels of vibration while moving in a 'cityway' kind 
of driving environment. 14 subjects (7 males and 7 females) participated in the 
study. Results indicated that (1) there is no effect of gender on humans under the 
impact of vibration induced stresses when they performed the cognitive task of the 
type considered in the present study (2) vehicular vibration was found to have a 
significant effect on human performance (3) difificuhy index level significantly 
affects human performance (4) the relationship between reaction time and difficulty 
index level for varying power average level of vibration and that between reaction 
time and vibration level for varying levels of difficulty index were found to be linear 
in nature. 
Second study (study -2) investigated the effect of sex on human 
performance in the cognitive task under varying power average levels of vibration 
on the 'rural road' driving environment. 14 subjects (7 males and 7 females) 
participated in the study. Results indicated that (1) there is no effect of gender on 
human performance (2) the power average of vibration level does not have a 
significant effect on performance (3) level of difficulty index plays a significant 
effect on human performance (4) the relationship between reaction time and 
difficulty index level under the impact of the varying power average level of 
vibration and that between the reaction time and power average of vibration for 
varying levels of difficuhy index were found to be linear in nature 
In the third study (study -3) the effect of sex while performing the 
cognitive task at varying levels of power average of vibration was investigated in the 
context of the 'highway' kind of driving environment. 14 subjects (7 males and 7 
females) participated in the study. Results indicated that (1) there is no effect of 
gender on performance (2) vehicular vibration has a significant effect on human 
performance (3) difficuhy index has a significant bearing on human performance (4) 
the relationships between reaction time and difficulty index for varying levels of 
vibration and that between the reaction time and power average level of vibration for 
varying levels of difficulty index were found to be linear in nature (5) the analysis of 
simple main effect indicated significant effect of power average level of vibration 
for all the difficulty index levels of the task. The difficulty index level was also 
significant for all the four levels of power average of vibration. 
In the fourth experiment (study -4), the effect of age on the cognitive 
task performance of humans under varying power average levels of vibration 
induced in humans during the 'cityway' kind of driving was investigated. The 
subjects 28 in number, divided consciously into four age levels (20-30 y, 30-40 y, 
40-50 y, and 50-60 y) with seven subjects in each level participated in the study. 
Results indicated that (1) age has a significant effect on human performance (2) 
power average of vibration level also affected the human performance, statistically, 
significantly (3) cognitive task of the type considered plays a significant role on 
human performance (4) the relationship between reaction time and difficulty index 
level for varying power average level of vibration and that between reaction time 
and vibration level for varying levels of difficulty index was found to be linear in 
nature. 
In the fifth study (study -5), the effect of age on cognitive 
performance under varying power average levels of vibration was investigated in the 
'rural road' kind of driving. 28 subjects divided into four age levels with 7 subjects 
in each level on the lines similar to the previous study (study -4) participated in the 
study. Results indicated that (1) age under the impact of vibration induced stresses 
plays an important role in cognitive performance of humans (2) power average level 
of vibration has a significant effect on human performance (3) difficulty index 
effects the human performance significantly (4) the power average level of vibration 
at the three levels of difficulty index significantly affected the human performance 
when the interactive effects of difficulty index and power average of vibration level 
was investigated for age level -1 and -2 (20-30 y and 30-40 y). However, the power 
average level of vibration for difficulty index level -1 for age level -3 and -4 (40-50 
y and 50-60 y) was found to be statistically non significant whereas for difficulty 
index levels -2 and -3 and the difficulty index level for all the four power average 
level of vibration significantly affected the human performance. 
In the sixth experiment (study -6), the effect of age on cognitive 
performance under varying power average levels of vibration was observed on a 
'highway' kind of driving. The four age levels (as in previous study) with seven 
subjects in each level were selected for the study. Results indicated that (1) age does 
not have a significant effect on human performance (2) the power average level of 
vibration has a statistically significant effect in the kind of driving environment 
considered (3) the difficulty index level affects significantly on human performance 
(4) the simple main effect of power average of vibration level for difFicuhy index 
levels significantly affected human performance and so was the case with the 
difficulty index level for all the four power average levels of vibration (5) the 
relationships between reaction time and difficulty index for varying power average 
level of vibration and reaction time with power average level of vibration for 
varying levels of difficulty index were found to be linear in nature. 
The seventh study (study -7) investigated laterality or motor-
sidedness effect on human performance under varying power average levels of 
vibration when subjects performed the cognitive task in the 'cityway' kind of 
driving. 7 right- sided and 7 left- sided subjects classified on the basis of Annet's 
inventory system, participated. Results indicated (1) laterality characteristics of 
human does not have an effect on the performance of the task of the kind considered 
in the study (2) power average level of vibration has a significant effect on human 
performance (3) level of difficulty index has a significantly effects on human 
performance (4) linear relationship was found to exist between reaction time and 
difficulty index for varying power average level of vibration. Same was the case 
with nature of variation between reaction time and vibration level for varying levels 
of difficulty index of the task. 
In the eighth study (study -8), the effect of motor-sidedness on 
humans under varying levels of power average of vibration in the performance of the 
cognitive task on a 'rural road' kind of driving was investigated. In this study, 14 
subjects (7 right-handed and 7 left-handed) participated. Results indicated that (1) 
laterality does not have a significant effect on human performance (2) the power 
average lev^^6f,\fibration also does not play a significant role in having a bearing on 
hvimap--performance'*(3rt difficulty index has a significant effect on the human 
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performance (4) graph between reaction time and difficulty index level for varying 
power average level of vibration and that between reaction time and vehicular 
vibration for varying levels of difficulty index revealed linear nature of variation. 
In the ninth experiment (study -9), the effect of motor-sidedness on 
human performance under varying power average levels of vibration in the cognitive 
task on the 'highway' kind of driving was studied. In all 14 subjects, 7 right-sided 
and 7 left-sided participated in the study. Results indicated that (1) laterality plays a 
significant role on human performance (2) the power average of vibration level has a 
significant bearing on human performance (3) level of difficulty index significantly 
affects human performance (4) the analysis based on the simple main effects 
indicated that for both left-motor -sided and right-motor-sided persons under the 
impact of power average level of vibration for all the three levels of difFicuhy index 
and difFicuhy index level for all the four power average levels of vibration 
considered were statistically significant (5) the relationship between reaction time 
and difficulty index level for varying power average levels of vibration and that 
between reaction time and vehicular vibration for varying levels of difFicuhy index 
were found to be linear in nature. 
The above presented findings led to the following inferences, 
conclusions and recommendations: 
1. The vibration induced stresses in humans moving in vehicles should be given 
proper and due attention while designing human vehicle system ergonomically. 
2. With the increase in the level of difFiculty index, the response of humans got 
slowed down. This was revealed by all the studies undertaken in the present 
work implying thereby that the future system designers would have to take care 
of information loading of those subjected to the vehicle induced stresses due to 
the vibration. 
3. Human motor-sidedness emerged to have a significant effect on human 
performance on 'highway driving'. This important finding opens up new 
avenues for human factor specialists. The future system designers in the light of 
this findings would have to evolve a system that is compatible to the two 
laterally distinct kinds of human populations. 
4. The findings of the present study indicated that age has a significant effect on 
human performance when driving is carried out on 'cityway' and 'rural road' 
kind of driving environment. This implies that youngsters and old people are 
stressed differently in the specific environments of driving and therefore the 
stress management strategies evolved for them would have to be designed 
differently so as to minimize the number of accidents on road. This becomes all 
the more important when a sizable increase in old-age people is observed in 
almost all the countries of the world. 
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People have been using different means of transportation for moving 
from one place to another from the very primitive days of human civilization. 
However, a revolutionary development in this context has been the evolution of 
automotives. The twentieth century witnessed a technological development, that has 
tremendously changed the face of human life. Today a very large segment of human 
population interacts with the automobile world in almost every walk of life Moving 
to office, visiting the natives and friends, attending the parties/celebrations right 
from morning till late nights, the automobile is the companion of people. Yet due 
attention has not been paid to the human factors wdth the result that the present days 
human-vehicle systems are in dire need of being redesigned more ergonomically so 
that these become more compatible and comfortable for the end-users of the vehicle, 
thereby avoiding their health impairments. One of the important factor which is 
responsible for discomfort/health impairment is the vehicle vibration. Present study 
made an attempt to explore the effect of vibration on humans in a driving 
environment. 
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In all, nine studies were undertaken to investigate the effects of 
organismic variables sex, age and laterality on human performance under the 
impact of the vibration induced stresses in humans while moving in four wheelers 
A pool of subjects was selected through an analysis of the data 
related to organismic characteristic of sample population and the sample sets with 
appropriate subject characteristics were selected for different studies constituting the 
present research Performance of the operators was measured in terms of human 
response time through human response measurement system, developed 
indigenously in the Ergonomics Laboratory of the Department of Mechanical 
Engineering, Aligarh Muslim University, Aligarh (India) The reaction time 
(measuured in milliseconds) of the operator was measured when the task was carried 
out under varying levels of vehicular vibration Two independent variables viz 
vibration level and difficulty index level having 4 and 3 levels respectively were 
explored in all the nine studies undertaken in the present work The third factor that 
varied from study to study was sex (study -1,-2, and -3), age (study -4, -5 and -6) 
and laterality (study -7, -8 and -9) A 2 (the varying factor) x 4 (vibration level) x 3 
(difficulty index level) kind of factorial design with repeated measures on the last 
two factors was employed in all the investigations except the one involving age 
where the varying factor i e age was at 4 levels 
Experimental task performed by the subjects was explained and 
subjects were asked to respond to the stimuli presented to them at varying levels of 
vibration For this purpose, two boards, one operated by experimenter having three 
bulbs (Red, Green and Blue) and the other operated by subject, having three 
locations namely location 1, having Red bulb, location 2, comparising of Red and 
Green bulbs and location 3, with Red, Green and Blue bulbs, were used The subject 
was asked to switch on at location 1 after the bulb of the same colour is observed to 
be glowing on the experimenter's board The subject was having prior information 
that red bulb will be illuminated (simple reaction time) Same procedure was to be 
used in the second setting with the difference that out of the two bulbs on the 
experimenter's board any one could be lighted and by seeing the colour of the 
lighted bulb, the subject had to switch on the bulb of same colour present at location 
2, this being a case of the choice reaction time having two alternatives Similarly for 
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the third setting, experimenter switched on anyone of the three bulbs present on the 
board and the subject responded by switching the same coloured bulb on present at 
location 3 (choice reaction time having three alternatives). 
The first experiment (study -1) investigated the effect of sex on 
human performance in the task of varying difficulty index levels under no vibration 
and three other power average levels of vibration while moving in a 'cityway' kind 
of driving environment. 14 subjects (7 males and 7 females) participated in the 
study. Results indicated that (1) there is no effect of gender on humans under the 
impact of vibration induced stresses when they performed the cognitive task of the 
type considered in the present study (2) vehicular vibration was found to have a 
significant effect on human performance (3) difficulty index level significantly 
affects human performance (4) the relationship between reaction time and difficulty 
index level for varying power average level of vibration and that between reaction 
time and vibration level for varying levels of difficulty index were found to be linear 
in nature 
Second study (study -2) investigated the effect of sex on human 
performance in the cognitive task under varying power average levels of vibration 
on the 'rural road' driving environment. 14 subjects (7 males and 7 females) 
participated in the study. Results indicated that (1) there is no effect of gender on 
human performance (2) the power average of vibration level does not have a 
significant effect on performance (3) level of difficulty index plays a significant 
effect on human performance (4) the relationship between reaction time and 
difficulty index level under the impact of the varying power average level of 
vibration and that between the reaction time and power average of vibration for 
varying levels of difficulty index were found to be linear in nature 
In the third study (study -3) the effect of sex while performing the 
cognitive task at varying levels of power average of vibration was investigated in the 
context of the 'highway' kind of driving environment. 14 subjects (7 males and 7 
females) participated in the study. Resuhs indicated that (1) there is no effect of 
gender on performance (2) vehicular vibration has a significant effect on human 
performance (3) difficulty index has a significant bearing on human performance (4) 
the relationships between reaction time and difficulty index for varying levels of 
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vibration and that between the reaction time and power average level of vibration for 
varying levels of difficulty index were found to be linear in nature (5) the analysis of 
simple main effect indicated significant effect of power average level of vibration 
for all the difficulty index levels of the task The difficulty index level was also 
significant for all the four levels of power average of vibration. 
In the fourth experiment (study -4), the effect of age on the cognitive 
task performance of humans under varying power average levels of vibration 
induced in humans during the 'cityway' kind of driving was investigated. The 
subjects 28 in number, divided consciously into four age levels (20-30 y, 30-40 y, 
40-50 y, and 50-60 y) with seven subjects in each level participated in the study. 
Results indicated that (1) age has a significant effect on human performance (2) 
power average of vibration level also affected the human performance, statistically, 
significantly (3) cognitive task of the type considered plays a significant role on 
human performance (4) the relationship between reaction time and difficuhy index 
level for varying power average level of vibration and that between reaction time 
and vibration level for varying levels of difficulty index was found to be linear in 
nature 
In the fifth study (study -5), the effect of age on cognitive 
performance under varying power average levels of vibration was investigated in the 
'rural road' kind of driving 28 subjects divided into four age levels with 7 subjects 
in each level on the lines similar to the previous study (study -4) participated in the 
study. Results indicated that (1) age under the impact of vibration induced stresses 
plays an important role in cognitive performance of humans (2) power average level 
of vibration has a significant effect on human performance (3) difficuhy index 
effects the human performance significantly (4) the power average level of vibration 
at the three levels of difficuhy index significantly affected the human performance 
when the interactive effects of difficulty index and power average of vibration level 
was investigated for age level -1 and -2 (20-30 y and 30-40 y). However, the power 
average level of vibration for difficuhy index level -1 for age level -3 and -4 (40-50 
y and 50-60 y) was found to be statistically non significant whereas for difficulty 
index levels -2 and -3 and the difficulty index level for all the four power average 
level of vibration significantly affected the human performance 
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In the sixth experiment (study -6), the effect of age on cognitive 
performance under varying power average levels of vibration was observed on a 
'highway' kind of driving. The four age levels (as in previous study) with seven 
subjects in each level were selected for the study Resuhs indicated that (1) age does 
not have a significant effect on human performance (2) the power average level of 
vibration has a statistically significant effect in the kind of driving environment 
considered (3) the difficuhy index level affects significantly on human performance 
(4) the simple main effect of power average of vibration level for difficulty index 
levels significantly affected human performance and so was the case with the 
difficulty index level for all the four power average levels of vibration (5) the 
relationships between reaction time and difficulty index for varying power average 
level of vibration and reaction time with power average level of vibration for 
varying levels of difficuhy index were found to be linear in nature. 
The seventh study (study -7) investigated laterality or motor-
sidedness effect on human performance under varying power average levels of 
vibration when subjects performed the cognitive task in the 'cityway' kind of 
driving. 7 right- sided and 7 left- sided subjects classified on the basis of Annet's 
inventory system, participated Results indicated (1) laterality characteristics of 
human does not have an effect on the performance of the task of the kind considered 
in the study (2) power average level of vibration has a significant effect on human 
performance (3) level of difficulty index has a significantly effects on human 
performance (4) linear relationship was found to exist between reaction time and 
difficulty index for varying power average level of vibration. Same was the case 
with nature of variation between reaction time and vibration level for varying levels 
of difficulty index of the task. 
In the eighth study (study -8), the effect of motor-sidedness on 
humans under varying levels of power average of vibration in the performance of the 
cognitive task on a 'rural road' kind of driving was investigated. In this study, 14 
subjects (7 right-handed and 7 lefl-handed) participated. Results indicated that (1) 
laterality does not have a significant effect on human performance (2) the power 
average level of vibration also does not play a significant role in having a bearing on 
human performance (3) difficulty index has a significant effect on the human 
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performance (4) graph between reaction time and difficulty index level for varying 
power average level of vibration and that between reaction time and vehicular 
vibration for varying levels of difficulty index revealed linear nature of variation 
In the ninth experiment (study -9), the effect of motor-sidedness on 
human performance under varying power average levels of vibration in the cognitive 
task on the 'highway' kind of driving was studied In all 14 subjects, 7 right-sided 
and 7 left-sided participated in the study Resuks indicated that (1) laterality plays a 
significant role on human performance (2) the power average of vibration level has a 
significant bearing on human performance (3) level of difficulty index significantly 
affects human performance (4) the analysis based on the simple main effects 
indicated that for both left-motor -sided and right-motor-sided persons under the 
impact of power average level of vibration for all the three levels of difficulty index 
and difficulty index level for all the four power average levels of vibration 
considered were statistically significant (5) the relationship between reaction time 
and difficulty index level for varying power average levels of vibration and that 
between reaction time and vehicular vibration for varying levels of difficulty index 
were found to be linear in nature 
The above presented findings led to the following inferences, 
conclusions and recommendations 
1 The vibration induced stresses in humans moving in vehicles should be given 
proper and due attention while designing human vehicle system ergonomically. 
2 With the increase in the level of difficulty index, the response of humans got 
slowed down This was revealed by all the studies undertaken in the present 
work implying thereby that the future system designers would have to take care 
of information loading of those subjected to the vehicle induced stresses due to 
the vibration 
3 Human motor-sidedness emerged to have " a significant effect on human 
performance on 'highway driving' This important finding opens up new 
avenues for human factor specialists The future system designers in the light of 
this findings would have to evolve a system that is compatible to the two 
laterally distinct kinds of human populations 
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4. The findings of the present study indicated that age has a significant effect on 
human performance when driving is carried out on 'cityway' and 'rural road' 
kind of driving environment This implies that youngsters and old people are 
stressed differently in the specific environments of driving and therefore the 
stress management strategies evolved for them would have to be designed 
differently so as to minimize the number of accidents on road. This becomes all 
the more important when a sizable increase in old-age people is observed in 
almost all the countries of the world. 
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CHAPTER I 
INTRODUCTION 
Men's technological ingenuity in recent times has resuhed in the creation of 
many modes of mobility that our ancestors never had dreamed of These include 
bicycles, two wheelers, four wheelers, trains, aeroplanes, boats and ships etc These 
means of transport have made it possible for people to move from one place to 
another so frequently and at speeds and in environments never experienced earlier 
and to which of course most importantly they are not biologically, physiologically 
and psychologically well adapted The desparity between people's biological and 
physical nature on one hand and the envirormiental factors imposed on them by 
their exotic modes of travel on the other defines a domain within which human 
factors engineers can make a contribution Human factors Engineering/Ergonomics 
enhances not only the man machine system's efficiency but also contributes to the 
goal of achieving an optimal level of human performance amalgamated with a 
protected and hazard free working environment from the users' view point. Human 
performance is directly dependent on the physical and mental capabilities and 
limitations of the concerned operator Each phase of the system development 
introduces behavioural questions that must be answered if the system is to be 
designed properly (Meister, 1982, pll9). Among the varieties of man- machine 
systems, human- vehicle system represents one of the most widely used system that 
challenges the system designers of tomorrow in designing and developing the model 
that might resolve many organismic and environmental problems linked with the 
usage of the vehicles Rapid advancement in the mechanical design features and 
wide spread use of vehicles has posed a serious concern as to whether the humans 
responsible for vehicle driving are exposed to hazards within the acceptable limits or 
not Many researchers (eg Agate, 1949; Guillemin and Wechsberg, 1953; 
Rosseger and Rosseger 1961, Seidel and Heide, 1986, Burton and Sandover 1987; 
Grandjean 1988) agreed that physiological damages occur when the subjects are 
exposed to vibrations. In the context of vehicular vibrations many physiological 
problems can be solved by applying ergonomic principles in the design of the work 
place environment (WHO, 1989). 
From the literature reviewed it appears that very few investigations have 
been conducted in the past to study human performance in the context of the 
driving environment. The responsibilities of ergonomists/human factors specialists 
get exceedingly important so as to design and evolve a better human-vehicle system 
based on the principles of ergonomic design. This is a real uphill task as in absence 
of ergonomic data it is not possible for the system designers to evolve machines that 
could enhance the performance of operators. The ergonomic evaluation and/or 
investigations would imply the study of man in relation to the equipment and the 
environment. Today ergonomists are involved in design and evaluation of man-
machine systems by making use of muhiple ergonomic approaches. Under these 
circumstances, it is essential to look for and identify those variables that may be 
held responsible for decrement in human performance in the given context of work 
Keeping these facts in view, an attempt was made through the various studies 
presented in this work to study the effects of some pertinent variables relevant in 
the context of stresses induced due to the vehicular vibrations. Among the 
organismic variables sex, age and human laterality were investigated. Through the 
set of these studies an effort was made to evolve a vehicular system more 
compatible for humans. The presentation of the work put forth in the form of the 
present thesis is organised into six chapters. The next Chapter (Chapter 11) presents 
an overview of the previous researches carried out in the field with special coverage 
of the relevant themes explored in the present work. Chapter III deals with the 
problem statement and research methodology including such aspects as 
experimental design, subject related information, the experimental task and related 
set up and general experimental procedure employed in all the investigations under 
taken in the present work. Vibration level measurement and the fabrication and 
design of human response measurement system for measuring reaction time has also 
been discussed ekborateiy in the same chapter. Tbe next Chapter, (Chapter W) 
forming the core of the thesis puts forth the findings pertaining to the effects of 
different variables explored in the work For each of the nine studies undertaken, 
the purpose, methodology, analysis results, discussion and conclusions are 
presented in a systematized manner A general discussion based on these studies 
and the conclusions drawn on the basis of the findings conclude Chapter V The last 
Chapter of the work, (Chapter VI) summarises the findings, the major conclusions 
of the work and finally unfolds the recommendations for the system designers of 
tomorrow in the form of scope for fiature research 
CHAPTER II 
LITERATURE REVIEW 
The work environment in the 'ergonomic design' of the work system 
plays an important role Its interaction with operators and the manner in which 
he/she operates in the system have significant impacts so far as the operator's 
performance and ease of operation is concerned. Envirormiental factors affect the 
operators in many ways such as in terms of health performance, comfort, safety etc. 
The continous exposure of humans to stressors (noise, vibration, temperature, 
illumination etc.) affect the operator detrimentally. A person exposed to mobile 
environment gets more adversily affected particularly under the impacts of stressors 
Uke noise and vibration. "If it moves, it probably vibrates". This saying is true 
especially in case of the transportation systems; be it a car, a truck, a train, an 
aeroplane, a ship or a boat All of these transportation systems induce vibrations in 
humans travelling through these systems. Vibrations are induced due to the out of 
balance forces in moving parts with in the transportation systems and external 
forces acting on it due to, for example, the atmosphere, terrain etc. These vibrations 
get further modified by the dynamics of the vehicle systems which usually contain a 
number of resonant structures. Vehicle vibrations, therefore, tend to be complex, 
multiple frequency or broadband processes and vary greatly between vehicles and 
situations The human vehicle system's environment is also one in which continous 
manual control or tracking frequently needs to be exercised. On the other hand, 
human body and the individual body -members and -organs have their own resonant 
frequencies. Since the body-members and -organs have different resonant 
frequencies and since they are not attached rigidly to the body structure they tend to 
vibrate at different frequencies rather than in unison resulting in varieties of effects 
on human beings. Extensive researches were carried out in the past on the various 
facets of the topic to study the effects of vibration on humans and its eventual 
impacts on human performance. These investigations, widely scattered in Hterature, 
were systematically studied and reviewed and are presented briefly as follows: 
2.1 EfTects of Vibration on Human Health 
Human body is composed of different organs, joints, bones, muscles 
etc which have different resonant frequencies. Structural damages occur in the 
human-body system when the accelarative forces are high enough. Bennet evolved 
a simplified model of the human body showing the main resonant frequencies of 
various body members in the seated position of the human being (Appendix B). The 
effects of vibration on human body in general can broadly be studied under two 
categories: (a) Vibrational frequency dependent health effects and (b) Vibrational 
intensity and duration dependent heahh effects, discussed as follows: 
2.1.1 Frequency Dependent EfTects 
Humans working in a vibrating environment are exposed to both low 
frequency and high fi-equency vibrations Injuries caused by high frequency 
vibrations are more severe in comparison to low frequency vibrations. Major 
sources of vibration in industrial work environments are traceable in the forms of 
powered tools ( chipping hammers, road drills, stone breakers, chain saws etc). 
Most of the occupational injury reports indicate that the damages occur to the 
peripheral blood and nervous systems in the exposed part of the body. Agate 
(1949), for example, reported several complaints of the operators who worked with 
tools generating intense vibrations. According to him, the workers problems were 
related to intermittent numbness and clumsiness of the fingers, intermittent 
blanching of either all or part of the extremities, and a temporary loss of muscular 
control of the exposed part of the body. These symptoms were commonly referred 
to as white finger disease. The duration of exposure also matters in such cases. 
Thus Guillemin and Wechsberg (1953) studied a large group of workers using 
vibrating tools over long periods of time and found that it produced disabilities in 
humans. The amount of damage differed in nature and extent in three broad 
frequency ranges. Those below 16 Hz occuring with large amplitudes (up to an inch 
or more) typically produced lesions in the bones, joints and tendons In the range 33 
to 166 Hz, with amplitudes of tenths or hundredths of an inch, the symptoms were 
mainly Cardiovascular. Above 300 Hz where amplitudes were measured in 
thousandths of an inch, neurovascular disturbances were accompanied by 
continuous burning pain which might be the predominant symptom. Coermann 
(1938), on the other hand observed that between 20 to 30 Hz the head exhibits a 
mechanical resonance and the resonance of eye balls was significant between 60 to 
90 Hz when subjects were exposed to vibrations in longitudinal direction. Pradko 
(1965) using three subjects established tolerance limits for vertical, pitch and roll 
motions over a frequency range 1 to 30 Hz for a number of conditions and found 
that with subjects in a seat with a back rest, tolerance of rotational acceleration did 
not change greatly with frequency in 'pitch'. However, it increased with increasing 
frequency in roll. It was also found that over this frequency range, pitch vibration 
affects human tolerance significantly more than do roll or vertical vibrations. Sjoflot 
and Suggs (1973) reported an experiment based on a seat 1.57m above the axis of 
rotation, a frequency range of 1 to 4 Hz, three subjects and three types of motion: 
roll, vertical and combined vertical and roll ( similar to tractor vibration) and 
concluded that for a given level of rotational acceleration of this device in roll, the 
motions were worst below 2 Hz, as assessed by heart rate, tracking error and 
subjective judgement. A frequency of 4 Hz was worst for vertical vibration. A 
combination of vertical and roll was found to be worse than either the roll or 
vertical vibration components in isolation. So far as the whole-body- vibration 
(WBV) is concerned, studies on operators of load-haul-dump (LHD) vehicles, used 
in underground mining, revealed that the vibration levels of heavy equipment 
(tractors, scrapers, dozers, loaders, skidders, haulage trucks, forklifls) coincided 
with the most sensitive fi-equencies of the human-body-system and exceeded the 
International Organisation for standardisation guidelines (ISO, 1978) for exposure 
to the WBV, the whole body vibration (Wasserman etal. 1978; Hansson and 
Wikstrom 1981; Crolla etal. 1984).Village, Morrison and Leong (1989) measured 
whole-body-vibrations in under ground load haul-dump vehicles of different 
capacities (3 5-, 5-, 6- and 8- yard capacity) They performed 22 sets of 
experiments and measured frequency-weighted rms and peak accelerations for each 
set in X, y and z directions as per ISO (1982) The results of the study showed that 
there were significant differences in rms accelerations between vehicle sizes and 
between operational tasks The study also found that out of 22 sets of 
measurements, 20 exceeded the ISO six- hour daily exposure limit in the z direction 
while 9 exceeded the limit in all the three directions The analysis of the weighted 
signals of one-third octave band frequency revealed that the dominant frequencies 
were usually 1 6 to 3 15 Hz, except when the vehicle were idling and higher 
dominated The WBV studies conducted by Rosegger and Rosegger (1960), Milby 
and Spear (1974) and Gruber and Ziperman (1974) revealed that such exposures 
were responsible for chronic health effects including back injuries, digestive-and 
circulatory-disorders Whole body vibrations also caused muscular fatigue as 
reported by Homick (1962), Grethier (1971), Ramsey (1975), Wilder et al (1985) 
and Lewis and Griffin (1976) 
According to Dupuis and Zerlett (1986) failing to comply with the 
ISO standards (ISO, 1982) in any one the x, y or z directions rendered the WBV 
exposure severe and capable of compromising worker safety and health In a related 
study of injury incidence rate (IR) among LHD operators at 32 Ontario mines it was 
found that the injury rate (IR = 180 workers* x yr"* x 10^) was similar to that of 
the other underground workers, but five times that of surface office workers 
(Desrosiers et al 1988) extreme neck positions when subjected to a high level of 
WBV The incidence of back injury was similar to that of other under ground 
workers Work tasks and accident types were different, however, with accidents 
involving over exertion being less common among LHD operators The incidence 
rate of back injury among LHD operators (IR = 32 workers'* x yr"' x 10^  ) reported 
by Desrosiers et al (1988) was more than twice the average for the workforce in 
Ontario reported by Bombardier et al (1985) 
2.1.1 Intensity and Duration Dependent Physiological EfTects 
Rosegger and Rosegger (1960) who surveyed 371 truck drivers 
having health problems found that stomach complaints and spine disorders resulted 
from long periods of tractor operation Both the number and severity increased 
proportionately with the length of service as a truck driver Traces of blood in the 
urine were found in the drivers of these vehicles The presence of blood in urine 
may be because of the kidney damage which could be caused by resonating the 
kidneys due to high intensity vibration Magid et al (1962) asked ten subjects to 
describe their feeling about different intense vertical stimuli in the frequency range 1 
- 10 Hz and found that subjects had the chest pain at between 4 and 8 Hz 
stimulation (at about 0 5 g) with all subjects reporting these symptoms at 7 Hz 
Some reports of abdominal pain were also produced at lower frequencies (3-6 Hz) 
but the number of reports was fewer than for chest pain At 10 Hz (1 2 g) 
skeletomuscular and abdominal pain was reported White D C (Rept NM 001 111 
304) reported that above about 3g, sharp pain in the chest may occur Traces of 
blood also occasionally found by him in the feces after exposure to acceleration of 
6 g at a frequency of 20 to 25 Hz for about 15 minute Dart (1946) from the 
Uterature on the subject reported chronic injuries by the continous use of pneumatic 
hammers and drills or hand held grinders or polishers Koradecka (1977) examined 
workers working with pneumatic drills, manual grinding and controlling under 
similar microclimatic conditions but not exposed to vibrations He found that the 
exposed groups exhibited a 38 to 67 percent mean reduction in hand skin blood 
flow compared with control subjects According to Walton (1974), advance cases 
of hand arm vibration syndrome (HAVS) resuhed in gangrene of the finger tips The 
occurrence of HAVS was dependent on the type and amount of exposure and other 
individual differences Vibrations induced from hand held tools were also 
responsible for several other diseases including neuritis, decalcification and cysts of 
the radical and ulnar bones and pain and stiffness in the joints (Wasserman et al 
1982) Pyykko and associates (Pyykko, 1974, Pyykko et al 1978, Pyykko et al 
1982, Pyykko et al 1986) in Finland followed 66 forestry workers using gasoline 
powered chain saws from 1972 until 1983. In 1972, the prevalence of HAVS 
symptoms was found to be 34 percent and reached a peak in 1975 of 38 percent. 
Anti-vibration chain saws were introduced in the mid 1970s and by 1983 only 5 
percent of the 66 workers showed HAVS symptoms. Radwin et al. (1987) 
investigated the short term neuromuscular effect of hand tool vibrations and their 
relation to the force exerted in hand intensive work. It was found that average grip 
force requirement increased to 27% for vibration at 40 Hz and to 7% for vibration 
at 160 Hz. Average grip force requirement was 16% more at 49 m/s^  than that at 
9.8 m/s acceleration. Significant interactions were also found between acceleration 
and frequency and frequency and direction. In another study, hand flexor and 
extensor muscle responses using electromyography were studied and it was found 
that muscle responses were greatest at frequencies where grip force was affected, 
indicating that the tonic vibration reflex was the Ukely cause of increased grip 
exertions. Different researchers like Hadler (1977), Harshenson (1979) and Jensen 
et al. (1983) reported strains, aches, muscle fatigue and cumulative trauma 
disorders as major problems for manual workers working in power hand tool 
industries. Armstrong and Chafiin (1979) showed that the use of forceful exertions, 
deviated wrist and pinch hand posture such as hyperextension and ulnar deviation, 
particularly during forceful exertions, were associated with carpal tunnel syndrome. 
The prevalence of upper extremity carpal tunnel disorders was estimated by 
Silverstein (1985) among 574 active workers from six different industrial plants 
who worked at least one year on jobs that required low or high levels of force and 
repetitiveness. Clinical studies by Rothfleisch and Sherman (1978) found a 
correlation between the incidence of carpal tunnel syndrome and the operation of 
power hand tools. Lukas (1982) studied a group of stone- cutters, tunnellers, coal 
miners, forest workers and grinders having a mean vibration exposure time of 12 
years and found that 21% of the workers were suffering from carpal tunnel 
syndrome (CTS). For another group of ore miners having 14 years mean exposure 
to vibration the corresponding figure stood at 32.8%. Cannon et al (1981) studied 
the use of vibrating hand tools in combination with forceful and repetitive hand 
motion and found a greater incidence of CTS in combination than that found in case 
of repetitive hand motion alone Cannon et al (1981) also concluded that the use of 
vibrating hand tools and repetitive movements of the wrist jointly contributed to the 
incidence of CTS Bianconi and Van Der Meulen (1963) reported that primary 
muscle spindles with high conduction velocities afferents were highly responsive to 
vibration Carlsoo and Mayr (1974) studied the muscular reaction to a pneumatic 
hammer and found that the recoil was responsible for muscle stretching which in 
turn resulted in triggering a reflex contraction similar to the monosynaptic stretch 
reflex Different researchers have reported a number of symptoms for hand arm 
vibration syndrome The symptoms of vascular disorder were reported by Taylor 
and Pelmar (1975), bone alterations by Kumlin (1970) and Kumlin et al (1973), 
while the symptoms of joint deformations, neurological disturbances, soft tissue 
damage and other miscellaneous abnormalities were reported by Hasan (1970) 
Teisinger (1972) found that less skilled workers, because of the firm grip of the tool 
handles were more prone to damage by vibrations and attributed such findings to 
increased transmission to the hand and arm Iwata et al (1972) studied the 
fi"equency dependency of the tonic vibration reflex (TVR) in humans at constant 
acceleration The vibration stimulus was applied directly to the biceps muscle They 
found that the muscular activity decreased as the fi-equency of vibration increased 
fi-om 6 3 Hz to 100 Hz, when low hand grip forces were applied (0-25% of 
maximum voluntary contraction (MVC)) It was observed that for 10 Hz vibration 
at 25%, 50% and 75% of MVC, the biceps activity was strongest. In a similar 
study, Dupuis et al (1976) investigated the triceps muscle activity and found the 
decrease in muscular activity with increasing vibration fi"equency fi"om 8 Hz to 80 
Hz and constant acceleration Seidel and Heide (1986) observed that truck drivers 
and heavy equipment operators when exposed to intense, long term vibration were 
having increased risk to the spine and the peripheral nervous system Grandjean 
(1988) listed several physiological complaints associated with various fi-equencies of 
whole body- vibration For example, pain in chest and abdomen started at 4 to 10 
Hz, back-aches were reported at 8 to 12 Hz while headaches, eyestrain and 
irritations in the intestines and bladder were usually associated with fi-equencies in 
the range of 10 to 20 Hz Ziegenruecker and Magid (1960) carried out a study in 
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the frequency range of 1 to 15 Hz for less than five minutes exposure duration 
They exposed subjects to a specified acceleration amplitude until they could no 
longer tolerate it. The subjects were then asked for their reactions and what their 
specific reason was for asking to be released. Table 2 1.1 shows a distribution of 
the major reasons for each of the fi-equencies used. 
Table 2.1.1 Criteria of Tolerance for Short Exposure to Vertical Vibration 
for Various Frequencies. 
(Each cross indicates a decided comment fi^om one of the ten human 
subjects used in this study as to his experiencing the symptom listed) 
Symptony/ 
Freq (Hz) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Abdomi-
nal, pain 
XX 
XX 
XXX 
XX 
X 
XX 
X 
Chest 
pain 
XX 
XX 
XXXX 
XXXX 
xxxxx 
XXXX 
XXXX 
X 
Testicu-
lar pain 
X 
XXX 
Head 
symptom 
XX 
X 
X 
X 
XX 
Dyspnea 
XXXX 
XXXX 
XXXX 
XXXX 
xxxxx 
XXX 
X 
Anxiety 
X 
XX 
X 
XX 
X 
General 
Discom-
fort 
XXX 
XXXX 
XXXXX 
XXXXX 
xxxxxx 
XXXX 
X 
XXX 
xxxxx 
II 
11. 
12. 
13. 
14. 
15. xxxx 
xxxx 
Several researchers (e.g white et al. (1957); Clemedson (1956); Lee (1956)) found 
that the mechanical effects associated with rapid changes in environmental pressure 
were primarily localised to the vicinity of air filled cavities in the body like the lungs 
and the air-containing gastrointestinal tract. Lung hemorrhage was found to be most 
common injury produced by the high explosive blast (German Aviation Medicine, 
1950) Respiratory activity got seriously hampered because of the rupture of the 
capillaries in the lung resulting in bleeding into the alveoli and tissue spaces. 
2.2 Effect of Vibration on Human Performance 
The vibration levels which the workers experience in an industrial 
environment are very complex in nature. In heavy industries, workers are having 
continuous exposure to high intensity vibrations Presence of vibrations in a 
working environment act as a stressor leading to poor performance of humans who 
have a pre-specified threshold of tolerance to vibration- induced stresses. The 
vibration results in degradation of motor control. The performances of operator 
which are generally affected by vibrations are visual task, motor tasks and cognitive 
tasks. Some of the prominent work carried out by different researchers to study 
human performance are reviewed as follows. 
2.2.1 Effect of Vibration on Vision 
According to Obome (1986), human eyes,are able to produce 
relatively stable images on retina of the object vibrating at low frequencies (less than 
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1 Hz) but caused fatigue in the muscles responsible for control of the eye 
movement With the increase in the frequency of the vibrating object, the 
performance was likely to deteriorate because of the inability of the muscle to 
maintain proper tracking The deterioration in performance was up to critical 
frequency after that performance was improved slightly The improvement in 
performance was thought to be due to eye being unable to track the movement of 
the object efficiently Griffin and Lewis (1978) reported a study which indicated that 
the number of reading errors, the reading time and the subjective report of reading 
difficulty was increased as the frequency of the vibrating object increased from 5 to 
30 Hz Griffin and Lewis (1978) also reported a series of experiments carried out by 
Crook et al who made the object vibrated at constant frequency but at different 
amplitudes In the first experiment, when the object was vibrated at 17 5 Hz with 
amplitudes between 0 15 and 0 75, no significant change was found in either 
reading errors or in reading time over the different amplitudes In other experiments 
when the illumination level was poor, amplitude of the vibrating object was found to 
be an important factor Griffin (1976) suggested that the threshold of blur was 
experienced at a vibration intensity producing a blur of plus or minus Imin of arc at 
the eye Lee and King (1971) drawn the transmissibility curve by making the 
observer vibrated over different frequencies which indicated peak head resonance at 
about 8-10 Hz Thomas (1965) in a similar study reported a slightly higher eyeball 
resonance at about 30 Hz Dennis (1965) investigated the effects of two vibration 
conditions in the frequency range 5-37 Hz on a task which involved reading 
different numbers on a display and concluded that below 6 Hz vibrating the display 
resulted in higher visual impairment than when subject was vibrated Above 14 Hz, 
however, the converse was found to be true This implied that above around 14 Hz 
the decrement in performance was primarily subject based-whereas below this level, 
any decrement was likely to be display based Moseley and Griffin (1986) found 
that for frequencies below 3 Hz, reading time and errors were more when only the 
display was vibrated than when only the reader was vibrated They found that the 
best performance was achieved when both the display and the reader were vibrated 
at less than 3 Hz frequencies At higher frequencies the performance deteriorated in 
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all conditions McLeod and Griffin (1990) demonstrated that at vibration 
frequencies between 1 6 Hz and 10 Hz, performance decrements were mainly due 
to visual impairment arising from relative translational movement between the 
subject's eyes and the display 
The operators working in mining industry use load haul-dump 
vehicles which produce whole body vibration and jolting The vibration levels of 
heavy equipment have been reported to coincide with the most sensitive frequencies 
of the body and to exceed the standards of ISO (1978) regarding exposure to whole 
body vibration (Wasserman et al 1978, Hanson and Wikstrom 1981, CroUa et a l , 
1984) Whole body vibration was found to have acute detrimental effects on visual 
acuity, equilibrium and manual dexterity and caused muscular fatigue (Homick 
1962, Grethier 1971, Ramsey 1975, Wilder et al 1985, Lewis and Griffin 1976) 
Village and Morrison (1989) calculated the mean daily exposure of vibration for 
load-haul-dump operators and found that the value exceeded the ISO exposure 
limits by a factor of between two and three According to them comparison of mean 
daily exposure values with ISO (1978) exposure limits must be interpreted with 
caution Village et al (1989) also reported performance impairment due to multiple 
vibrational frequencies Dupuis and Zerlett (1986) recommended that if there was 
high stress in more than one axis, the situation should be taken seriously The 
potentially increased risk of whole body vibration related performance effects when 
vibration magnitudes were high in all three directions could not be accurately 
estimated (Dupuis and Zerlett 1986) 
Benson and Guedry (1971) compared performance limits and 
nystagmus induced by angular acceleration about the pitch and yaw axes and found 
that sinusoidal torsional oscillation (0 04 Hz, peak angular velocity ± 60 to ± 159 
deg/s) degraded subject's performance of a compensatory tracking task because 
inappropriate nystagmic eye movements impaired visibility of the display They also 
found that during angular motion in the pitch-forward direction the nystagmus 
frequency and slow phase velocity and the consequent performance decrement, 
were significantly greater than during the pitch-back half cycle Moseley and GriflBn 
(1987) conducted two experiments to examine the effects of whole body vibration 
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on visual performance and contrast thresholds for gratings subtending 7.5, 10 and 
12.5 cycles per degree. Greatest reading errors occurred with characters exhibiting 
a high spatial complexity in their vertical axis. In the second experiment, contrast 
thresholds for horizontally oriented gratings subtending 1.5 and 12.5 cycles per 
degree were obtained from ten subjects at 5 minute intervals during a 60 minute 
whole body vibration exposure (20 Hz, 1.7 m/s^  rms), a 20 minute pre-exposure 
and a 60 minute post exposure period. A large variation was found in the effect of 
vibration upon performance with the higher spatial frequency grating both during 
and after vibration exposure. 
Evans (1980) reported the effect of vibration on contrast threshold 
for sine wave gratings with spatial frequencies between 0.63 and 25 cycles / degree. 
Observers were exposed to vertical whole body vibration consisting of six 
sinusoidal stimuli in the frequency range 2.8 to 16 Hz spaced at half octave 
intervals indicated that the vibration acted as a low pass spatial filter-reductions in 
thresholds were significant only at the higher spatial frequencies. 
Guignard et al. (1976) studied the limiting values of acceleration 
magnitude above which human task performance deteriorated (fatigue decreased 
proficiency boundary). The study demonstrated no time-dependent reductions in 
visual acuity and concluded that the fatigue decreased proficiency boundaries were 
too conservative with respect to visual performance. Glukharev et al. (1973) 
demonstrated reductions in grating acuity after 2-hour and 4-hour exposures to 
vertical sinusoidal vibration. Similar decrements were observed by Grzsik et al. 
(1984) with vibration exposures as short as an hour. They used vertical sinusoidal 
vibration at frequencies of 20,50 and 80 Hz with magnitudes ranging from 2 to 8 
m/s rms. Chagelishvili (1970) observed that reduction in visual performance in the 
presence of vibration was due to vasoconstriction of retinal micro-capillaries. 
Jaschinski-Kruza (1984) demonstrated that transient myopia might occur after 
prolonged visual work. Charman (1979) showed that the consequences of myopia 
would be apparent only with gratings of moderate to high frequency. 
Investigations of the effects of vibration on visual performance have 
included studies of various vibration variables such as vibration frequency. 
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magnitude and axis (Lewis and Griffin, 1980 a, b) Meddick and Griffin (1976) 
demonstrated that dual axis vibration of a display resulted in more errors and 
greater reading time than vibration of the same magnitude in a single axis Studies 
of the effects of simultaneous whole body and display vibration were also reported 
(Drazin 1959, Johnston and Wharf 1979, Banbury et al 1983) Alexender (1972) 
investigated the effects of dual- frequency vibration of a display and Lewis and 
Griffin (1980 a) extended these findings to whole body vibration Moseley et al 
(1982) compared the effects of random and sinusoidal whole body vibration The 
interaction of vibration with parameters of the display, such as symbol definition 
character font and luminance contrast, have also been studied (Moseley 1982, 
1983) Benson and Barnes (1978) and Barnes and Sommerville (1978) studied the 
visual performance when subjects were exposed to vibration and found that the 
performance was linked to the ability of the eye to pursue the target but when target 
displacement was large head tracking movements were also required With 
sinusoidal motion these machanisms might operate up to 2 Hz and 1 Hz 
respectively According to Lewis and Griffin (1980 b) variations in seat to head 
transmissibility had an effect on human performance It was because of the fact that 
body resonances resulted in greater magnitudes of vibration of the head than the 
seat at some frequencies Lewis and Griffin (1980) while predicting the effects of 
vibration frequency and axis, and seating conditions on the reading of numeric 
displays found that seating conditions as well as wearing of personal equipment 
such as a flying helmet could interact considerably with the effects of vibration on 
reading performance by affecting the transmission of vibration to the head With 
vertical vibration there was a considerable increase in the effect of vibration at 
frequencies above about 4 Hz when a seat back and harness were added to a flat 
hard seat. With x axis (fore and aft) vibration of the flat seat there was no significant 
effect on performance, since very little motion was transmitted to the head With the 
seat back and harness and vibration in the x-axis, large amounts of pitching motion 
were induced at the head resulting in performance decrements of the same order as 
those observed during similar levels of z-axis motion With lateral (y-axis) vibration, 
very little motion was transmitted to the head with either seating condition resulting 
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in no significant effects on performance The wearing of the flying helmet was 
shown to resuh in large increases in pitching motions of the head, particularly in the 
30 Hz to 40 Hz frequency range. This fijrther caused the vibrations to affect the 
reading performance 
Zepler et al (1973) studied human response under the influence of 
transportation noise and vibration and investigated the change in visual acuity when 
viewing an object vibrating in the frequency range 5-40 Hz. Reading time, error 
score and subjective rating of task difficulty were used as indicators of perfonnance. 
The study showed that errors increased with both increasing vibration frequency 
and with vibration amplitude. In yet another study of the set it was found that error 
score was proportional to the square root of the amplitude of vibration and that the 
error score was directly proportional to frequency. Considerable improvement in 
performance was found under the dual fi^equency vibration. The experiments 
showed that the perception of blur was dependent on the displacement of the retinal 
image and largely independent of both viewing distance (fi-om 4 to 20 ft) and 
vibration fi^equency (from 5 to 20 Hz). Also a large inter subject variability was 
found in the levels of whole-body- vibration required to produce blur at any 
fi-equency. 
2.2.2 Effect of Vibration on Motor Performance 
Buckhout (1964) showed that for vertical vibrations at 5,7 and 11 
Hz, tracking error was highly and positively correlated with the amount of vibration 
transmitted to the sternum. This implied that when in vibrating conditions the 
presence of a backrest or armrest might reduce, rather than increase body stability. 
According to Lovesey (1975) vibrations transmitted through the seat back to the 
shoulder and the chest areas were likely to play a part in affecting an operator's 
performance adversely on a motor tracking task. This effect would be more 
pronounced if the operator was using a safety harness or seat beh. Huddleston 
(1970) reported that the fi-equencies which affect motor performance Ue between 4 
and 5 Hz with decrements in performance becoming progressively smaller at higher 
or lower frequencies. 
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The motor effects of vibration in humans were studied by Hagbarth 
and Eklund (1965), who observed that if a muscle was initially moderately active, 
vibrating its tendons caused a gradual increase in activity of its antagonists The 
result was either slow joint movement or a corresponding change in active tension 
Subjects were able to prevent or counteract the movements voluntarily, especially if 
allowed to see the extremity position during the experiment However changes in 
active force induced by vibration were not correctly perceived and were usually 
underestimated 
Pyykko et al (1982) reported unquantified increases in grip force 
using strain gauges attached to vibrating metal rods occurring at displacement 
between 500 ^m and 600 pim at frequencies between 60Hz(1 .8 -22 m/s^) and 
250 Hz (31.3 - 37.5 m/s )^ They observed that a gradual increase in muscle tone 
developed between 0 5 min and 1 min of exposure In this study significant grip 
force increased with vibration at 40 Hz but not at 160 Hz for acceleration 
magnitudes of 49 m/s .^ Mathews (1972) found that increasing vibration amplitude 
(displacement) between frequencies of 50 Hz and 300 Hz resulted in a reflex 
response that at first increased in strength but then reached a plateau value, thereby 
speculating that the occurrence of such a plateau shows that the vibration was 
sufficiently powerful to drive every primary ending in the muscle to discharge an 
impulse on every cycle of the vibration Westling and Johansson (1984) found that 
static pinch force was approximately proportional to the weight of the object lifted 
They observed that in order to maintain stability and prevent accidental slipping, the 
grip force had to exceed a minimum level which was determined by the fHction 
between the object and the skin and the vertical lifting force 
Lovesey (1971) carried out an investigation into the effects of dual 
axis vibrations, restraining harness, visual feedback and control force while, the 
subject performed a simple two dimensional positional control task All vibrations 
were found to affect adversely control accuracy when positioning a target spot at 
the centre of a head-up display using a ramshom type aircraft control column 
Generally heave vibrations degraded positional control the least , while sway 
produced a moderate decrement Dual axis heave and sway vibration reduced 
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control accuracy by an amount greater than the sum of the amounts produced by 
each component alone LeAvis (1976) suggested that increases in remnant in a zero 
order tracking task disturbed by low frequency vibration were largely perceptual in 
origin McLeod and Griffin (1989) observed that whole body vibration disrupted 
continous manual control performance McLeod and Griffin (1994) studied the 
mechanism of vibration-induced interference with manual control performance and 
investigated the extent to which voluntary and involuntary mechanisms caused 
disruption of manual control performance during exposure to whole body vibration 
The resuhs suggested that the principal observable effect of vibration was to 
introduce low frequency drifting of the controlled element on the display Also with 
an appropriate visual feedback subjects were able to detect the drifting and induce 
control behaviour to compensate McLeod and Griffin (1988, 1989, 1990) 
conducted a series of experiment to investigate the mechanism underlying observed 
degradation in manual control performance during exposure to Z-axis (vertical) 
whole body vibration in the frequency range from 0 5 to 10 Hz With the system 
dynamics and control gain used, the studies showed that vibration breakthrough 
appearing at the control was attenuated by the system dynamics such that it did not 
produce measurable activity on the display Breakthrough was therefore not a 
significant mechanism in producing the observed performance disruption 
2.2.3 Effect of Vibration on Cognitive Performance 
Information-processing capabilities of the operators in a vibrating 
environment have been studied by various researchers The task used by these 
researchers was the subject's speed of reaction (reaction time) or his ability to 
perform some complex reasoning task Most of the studies carried out in this area 
reported no effect or no consistent effect due to vibration (eg Grether, 1971) 
Shoenberger (1974) demonstrated that the performance reduction might take place 
due to difficulties in perceiving the stimulus due to visual interference by the 
vibration 
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Poulton (1978) argued that vibration can enhance vigilance related 
tasks and argued that in a laboratory setting subject has to maintain alertness during 
task performance However in real life this might not be the case and this could be 
the reason for the experiment showing no effects of \abration on information 
processing This argument of Poulton was supported by Shoenberger (1967) and 
Wilkinson & Gray (1975) who found that at 5 Hz vertical vibration, the vigilance 
improved but at frequencies of 7 Hz and 11 Hz, the performance got deteriorated 
McLeod and Griffin (1989) through the behavioural model described the 
mechanism by which vibration could interfere with the performance of a continous 
manual control task According to them vibration might interfere with cognitive 
processes affecting task performance such as arousal, motivation or anxiety 
Furthermore vibration could simply distract attention from the task or may cause a 
deliberate change in strategy to minimise perceived disruption Such central effects 
could be voluntary or involuntary in nature General increases in arousal and 
motivation or reduced attention may be involuntary Changes in strategy or 
intentional behaviour to minimise perceived interference, would tend to be 
voluntary Siedel et al (1980) while studying human response to prolonged 
repeated whole body vibration through the two experiments involving clock test 
(CT) (Mackworth 1950) in modified form (Bastek et al 1977) and the acoustical 
signal detection task determined the pure tone level corresponding to the individual 
discrimination threshold The study showed that the time dependent performance 
decrement was significant in the case of reaction time in the CT for all the criteria 
of performance during whole body vibrations A similar deterioration was not found 
for the control 
2.2.4 EfTect of Vibration on Human Comfort 
Corbridge and Griffin (1986) conducted three experiments to 
determine the effects of the frequency of whole body vibration on comfort In the 
first experiment equivalent comfort contours for male and female subjects using 
sinusoidal vertical vibration in the range 0 5-5 0 Hz were determined The responses 
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of a subgroup of 10 male subjects to octave bands of vertical random vibration 
centered on 0.5, 1.0, 2.0 and 4.0 Hz were determined in the second experiment. 
Twenty male subjects participated in the third experiment. On the basis of these 
studies it was concluded that with vertical motion, there were small differences 
between the responses of male and female subjects. There was little effect of 
vibration magnitude on the frequency dependence of vibration discomfort. Random 
vibration produced slightly greater discomfort than sinusoidal vibration but with the 
same frequency dependence. International Standard 2631 (ISO 1978) defined a 
general method for assessing the severity of 1-80 Hz whole body vibration in terms 
of the effects on comfort, performance and health. A single frequency weighting is 
defined for the vertical axis and a second weighting is used for the two horizontal 
axes. The origins of the frequency weightings in this standard are not well 
documented but it is clear that no one weightings can accurately indicate the 
relative effects of vibration in a single axis on such diverse effects as comfort 
throughout the body, injury at a point in the body and degraded performance due to 
motion at the hand, eye or some other location. Shoenberger (1975) studied 
comfort contours that were drawn using an intensity-matching technique over the 
frequency range 0.4 - 6 3 Hz. A reference motion of 2.5 Hz at 0.38 g peak was 
used. The contours reported by Griffin et al. (1982 a) obtained from 36 subjects (18 
male, 18 female) showed a reasonable level of agreement over the frequency range 
2-5 Hz with the contours presented by Corbridge and Griffin (1986). The results of 
the first experiment when compared with the resuhs reported by Donati et al. 
(1983) showed a high level of agreement. 
Yonekawa and Miwa (1972) investigated the sensitivity of 10 male 
subjects to vibration in the frequency range 0.05 - 1.0 Hz. There results were 
combined with data obtained in a previous study by Miwa (1967) to produce 
equivalent comfort contours for subjects over the frequency range 0.05 - 300 Hz. 
The studies conducted in Japan showed the decrease in sensitivity above 3.15 Hz. 
Below 0.7 Hz the curve proposed by Yonekawa and Miwa (1972) indicated 
increasing sensitivity to vibration at a rate of 3 dB/octave. The second experiment 
conducted by Corbridge and Griffin (1986) involved the determination of a comfort 
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contour using octave bands of random vibration. The contours obtained by random 
vibrations were same as obtained through sinusoidal vibration stimuli. Dupuis et al. 
(1972), Shoenberger (1978) and Donati et al. (1983) also obtained the similar 
results of comfort contours In the third experiment conducted by Corbridge and 
GriflSn (1986), a sinusoidal reference motion with JBxed frequency (2 Hz), fixed 
duration (10 s) and fixed magnitude (0.75 m/s^ rms) was compared with a number 
of 10 s test motions and found that maximum sensitivity to lateral vibration 
occurred in the range 1.25 - 2.0 Hz with sensitivity to vibration acceleration 
decreasing at both higher and lower frequencies. 
Donati et al. (1983) introduced an experimental technique known as 
the floating reference method developed to compare the subjective response of 
seated subjects to sinusoidal vibration in the range 1-10 Hz with those produced by 
narrow band random vibration centered on the same frequencies Male and female 
subjects were asked to adjust the rms amplitude of each test vibrations until it 
produced an overall sensation equivalent to that caused by a reference vibration. 
The results of the study showed that subjects generally appeared to be slightly more 
sensitive to random excitation than to sinusoidal' (approximately IdB when 
averaged over the range 1-10 Hz) This difference of sensitivity decreased at higher 
frequencies but was observed in all three translational directions of fore-and-aft, 
lateral and vertical motion at frequencies below 6 Hz 
Fairley (1995) investigated how the discomfort caused by the 
vibration of an agricultural tractor could be predicted from objective measurements 
of the vibration in the cabin Eleven professional drivers judged the vibration 
discomfort produced by four different tractors on sixteen different test runs For 
each of the test carried out, the discomfort caused by the vibration was predicted 
from the measured vibration in the cabin using a total of twenty different analysis 
procedures. It was concluded that, overall, the best procedure for predicting the 
vibration discomfort in an agricultural tractor was that recommended by ISO 2631 
(1978). Stayner et al. (1981) and Whyte & Lines (1987) investigated the vibration 
discomfort caused by agricultural tractors and did not find good correlations 
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between the objective measurements and the subjective evaluations Hansson and 
Wikstrom (1981), in a study v^th forestry machines did not find any improvement in 
the predictions when fi^equencies fi-om 0.5 to 1 Hz were included in the calculations. 
A laboratory experiment carried out by Monsees et al. (1988) used reproduced 
tractor vibration in order to investigate the relative merits of rms (root mean square) 
and rmq (root mean quad) values for predicting vibration discomfort. It was 
concluded that rmq values offered no advantage over rms values. 
Parsons and Griffin (1988) investigated the thresholds of subjects 
exposed to x-, y- and z axis sinusoidal vibration for sitting and standing objects 
(from 2 to 100 Hz). Perception thresholds were also determined for supine subjects 
exposed to vertical (x-axis) sinusoidal vibration (10 - 63 Hz). For the vertical 
vibration of seated subjects no significant differences were found between the 
responses of male and female subjects. Significant differences were found between 
perception thresholds for sitting and standing postures. Perception thresholds for x-
axis and y-axis vibration were not significantly different in either sitting or standing 
subjects but significant differences in thresholds were found between sitting and 
standing positions for both x-axis and y-axis vibration. Subjects tended to be more 
sensitive to vibrations when lying than when sitting or standing. 
Griffin, Whitham and Parsons (1982) studied the effect of vibration 
on human comfort comprehensively. In the first series of the two experiments, they 
performed studies with translational seat vibration. In both studies the feet of 
subjects were not vibrated and there was no backrest. It was concluded that the 
shapes of equivalent comfort contours need not normally depend on vibration level. 
Significant correlations were found between subject characteristics (size and 
transmissibility) and subject relative discomfort. The males and females produced 
similar equivalent comfort contours. Parsons and Griffin (1982) studied the 
discomfort produced by multiaxis vibration with rotational seat vibration. It was 
concluded that the shape of equivalent comfort contours need not normally depend 
on vibration level. Although there were significant correlations between subject size 
and subject relative comfort, the researchers observed that these correlations were 
not of much practical relevance. In all three axes, the median contours of vibration 
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acceleration increased in proportion to vibration frequency Sensitivity was greatest 
for roll vibration and least for yaw vibration of the seat In yet another study, the 
effects on discomfort of the frequency and direction of the translational vibration of 
a footrest and flat firm back rest was studied by Parsons et al (1982) The vibration 
of the feet or back occurred without simultaneous vibration at the seat It was 
concluded that the curves provided a usefiil initial indication of the relative 
contribution of foot and back vibration to discomfort Equivalent comfort contours 
for foot vibration were similar for all three directions of vibration The contours for 
vibration of the back showed a high sensitivity to fore and aft vibration 
Dempsey et al (1979) reported some results concerning the 
discomfort due to translational and rotational vibration of a cabin within which 
subjects sat about 0 45 m above and up to 0 75 m to one side of the centre of 
rotation of the cabin In consequence, with rigid seats, cabin roll would be produced 
vertical and lateral vibration levels on the seats which at most frequencies should 
have caused more discomfort than seat roll Suggs et al (1976) reported a study in 
which subjects compared the discomfort due to the vertical vibration of a rigid seat 
combined wath a stationary footrest with that due to identical vibration of the seat 
and footrest They concluded that from 1 5 to 32 Hz, the isolation of the footrest 
from vibration did not increase comfort Ashey and Rao (1972) studied the subjects 
seated in a car seat and concluded that in a vehicle the feet would be sensitive to 
higher frequencies while whole body vibration would be responsible for discomfort 
at lower frequencies Obome et al (1981), using 24 standing subjects demonstrated 
that the shape of an equal sensation contour was highly dependent on the overall 
intensity range of the stimuU presented to the subject As the intensity levels to 
which the subject was exposed increased, a trend was produced by which the 
sensation contour become more quadratic in shape Parsons et al (1979) studied the 
vibrations in three translational axes and three rotational axes in vehicles at the 
passenger/seat interface For all axes and frequencies, it was found that the levels 
of vibration recorded were less than those described as uncomfortable in the 
laboratory The discomfort produced by vibration in the translational axes was 
generally greater than that produced by vibration in the rotational axes, v^th roll 
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and pitch vibrations causing more discomfort than yaw vibration Also the 
vibrations produced in the vertical axis appeared to be the dominant cause of 
discomfort Parsons et al (1979) also reported that in all axes the vibration level 
increased with increasing speed , although in some axes (e g in vertical direction) 
the increase was particularly notable Vehicle speed thus affected the level and 
frequency of vibration and also the manner in which it was distributed between the 
axes The causes of discomfort due to vibration might therefore also be expected to 
vary with the vehicle speed The effect of road condition on discomfort due to 
vibration was found to be more complex by Parsons et al (1979) Obome and 
Boarer (1982) investigated the effects of posture on subjective responses to whole 
body vibration The postures adopted were standing, sitting upright and sitting 
slouched The results indicated significant differences in the contour shapes from 
the three postures and the level set in the three postures were significantly lower 
than that in standing posture No difference was obtained between the two sitting 
postures Chaney (1965) obtained equal annoyance contours from 10 seated 
subjects He used 5 subjects to obtain similar contours when the subjects were 
standing on a whole body vibrator In the seated condition the subjects accepted 
less vibration before reaching the mildly annoying and extremely annoying levels 
than did the standing subjects In a similar experiment Jones & Saunders (1972) 
compared the equal sensation contours of 10 standing and 30 seated male subjects 
and found significant diflferences between the contour shapes below 6 Hz but not 
above 8 Hz Harrah and Shoenberger (1981) investigated the subjective response to 
vibration of subjects lying in seats with different back angles Their results 
demonstrated variations in body discomfort at different back angles, with angles 
between 30 and 40 degree producing most discomfort Parsons and Griffin (1978) 
investigated the effects of vibration level, frequency and foot position on the 
discomfort of seated persons subjected to sinusoidal vibration in roll and pitch axes 
For all conditions where a footrest was present rotational vibration roll produced 
greater discomfort than the same level of rotational vibration in pitch Sensitivity to 
rotational acceleration decreased with increasing frequency in both roll and pitch 
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axes for all foot positions. Subjects become less sensitive to rotational vibration in 
roll and especially pitch as foot height was raised. 
Simic (1970) using a Daimler-Benz car seat with a foot rest fixed to 
the seat, determined perception thresholds for two pitching motions over the 
fi"equency range 0.1 to 30 Hz. The axis of rotation was through the centre of 
gravity of the seated subjects for one group of motions (position 1), 0.8 m in fi-ont 
of, and at the same level as, the centre of gravity of the seated subjects for the other 
motions (position 2). He concluded that for position 1 the level of perception of 
rotational acceleration increased in proportion to fi-equency from 0.1 to 0.8 Hz and 
from 3 to 7 Hz but did not change with fi-equency between 0.8 and 3 Hz or fi-om 7 
to 30 Hz. For position 2, the perception threshold, as measured in terms of the 
vertical component of the pitching motion came closer to the threshold curve for 
vertical vibration alone. In another experiment the influence of time on perception 
strength for position 1 and a frequency range of 0.3 to 50 Hz was investigated. The 
resuhs showed that the effect of frequency on the perception of rotational 
acceleration did not depend upon exposure time. Stone (1975) proposed a model 
based on the assumption that the body senses vibration in a manner described by the 
Weber-Fechner law-the neural response is proportional to the logarithm of the 
stimulus above some threshold level. From the ratings of single degree of freedom 
motions it was found that for given level, motions in pitch caused more discomfort 
than motions in roll. However the rate of increase in discomfort with increase in 
levels was greater in roll than in pitch. Murrell (1965) suggested that for a given 
level and frequency of rotational vibration in roll and in pitch more discomfort was 
felt by subjects sitting with lower foot rests 
Siedel et al. (1980) investigated the human response to different 
doses of whole body vibration (WBV) by exposing subjects for 3 hours to 
sinusoidal WBV in the z-axis with the frequencies 4 Hz and 8 Hz at a constant 
acceleration level of 1 m/s^  rms, each frequency being repeated 4 times on 
consecutive days. They found that the transmissibility decreased during exposure 
time at 4 Hz and increased at 8 Hz when a controlled posture was maintained and 
the power spectral density distribution and amplitude of postural sway were 
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affected by WBV depending on both duration and frequency. Performance data and 
rating data also exhibited decrements and adverse effects. Kjellberg et al. (1985) 
used method of cross modality matching to study the development of discomfort 
during a one hour exposure to whole body vibration. The subjects task was to 
adjust a broad band noise to the level where it gave rise to the same degree of 
discomfort as a vibration. Random vertical vibrations were used with a resonance of 
either 3.1 or 6.3 Hz. It was concluded that results from studies of short exposure 
times might be extrapolated to exposure periods of atleast 1 hr. 
2.3 Effect of Age on Human Performance 
The process of aging reduces the capacity of adaptability to the 
working environment. Yokomizo (1985) reported that with the increase in age, the 
individual differences of persons also increased. According to Kumashiro (1985), 
humans ability to do a task declined after forty years of age . Literature reviewed on 
human aging, indicated that not much work has been done as far as performing of 
industrial tasks is concerned (Rabbitt,1990; Marquie,1985; Salthouse, 1982). It was 
observed by Yokomizo (1985) that younger people were requiring less time in 
movement in comparison to their aged ones. Their physical and mental abilities 
were also found to differ significantly. Davis and Mebarki (1983) through their 
study showed the significant effect on the movement of hand in the context of 
aging. Rabbitt (1990) reported that older people committed less mistakes than the 
younger ones.Marquie (1985), chose two tasks one concerned with tractor driving 
when ploughing and the other v^th sticking pins found that the younger subjects 
were having lower level of exploratory activity than the older people. Age was also 
found to play a significant role (Kumashiro, 1985) in sensory cardio-pulmonary 
function and perceptuo-motor performance . Murrell (1962 a) has suggested that 
tasks with heavy perceptual demands were not well tolerated by older people. 
Visual performance of the workers was shown to be decreasing with 
the increasing age by McCormic (1986). Cerella et al. (1980) suggested that the 
time required to complete the task was directly proportional to the magnitude of the 
age related differences for the task. Yamamoto et al. (1982) in his study to 
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determine the ability of worker to perform the task, found the significant effect of 
age Various researchers (Salthouse, 1982, Kausler, 1982, Craik, 1973) have found 
that in divided attention kind of tasks, the task involved was significantly affected by 
age differences The performance of younger subjects was observed to be better 
than the older subjects by Burke et al (1980) Madden (1992) reported that the 
time required to allocate attention increased with the increase in age Studies carried 
out by McDowd and Craik (1988) revealed that the older subjects were requiring 
more reaction time than the younger ones However, Somberg and Salthouse 
(1982) showed no effect of age difference in the divided attention kind of task 
Howarth and Griffin (1988) studied human response to simulated 
intermittent railway induced building vibration and showed on the basis of Mann-
Whitney U-test that the age was not having any significant effect on annoyance 
Corbridge and GrifiRn (1986) studied the problem of vibration and comfort and 
indicated that the shapes of equivalent comfort contours were relatively unaffected 
by age 
According to Hendricks (1984), the demand of technological 
innovations would be disproportionately settled in older workers over the age of 40 
years Also because of the revolution in the field of micro-electronics, a large 
number of persons will be replaced by new technology machines (Yokomizo and 
Kmatsubara, 1986) McFarland (1986) reported that the average age of the future 
population would be higher than that of today's population as the life expectancy 
rate is increasing and the average birth rate is decreasing every year (Nagamachi, 
1985) The study by Nagamachi (1985) also showed that in Japan, the number of 
people older than 65 years will reach about 22% of total population Human factors 
engineering is expected to deal with many new design problems different from those 
of today's in coming 25 years (Fozard, 1981, p8) hence there is a need to take up 
more studies in order to have complete insight into the phenomena of human aging 
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2.4 Effect of Sex on Human Performance 
An overview of the literature pertwiing to the effect of sex on 
human performance indicated that very few studies have been conducted in the past 
on the subject. With more and more female workers taking employment and human 
rights call to guarantee equal opportunity for employment irrespective of sex, this 
area becomes all the more important to dig deep. It has been reported that nearly 
40% of the work force constitutes female workers (Ali, 1995). Sex differences in 
terms of muscular strengths have been investigated by a number of researchers. The 
muscular strength of the females was reported to be 40% to 70% of that of the 
males (Miyashita and Kanehisa,1979; Wilmore et al.,1978). The large variation in 
muscular strength was attributed to the fact that specific segments of the body were 
tested (Bishop et al.,1987). Wilmore (1974) showed that lower body parts of the 
females were weaker by 27% while the upper body parts were weaker by 43% to 
63% than males. The studies by Hettinger (1961) and Laubach (1976) showed that 
females have a smaller upper body muscle mass and have lower strength for upper 
body muscle groups. Bergh et al. (1976) have reported lower maximum oxygen 
intake for females. Studies carried out by Troup and Chapman (1969), Nordgean 
(1972), Laubach (1976), Hofl&nan et al. (1979) and Hosier and Morrow (1982) 
have all reported the large sex differences in upper body strength compared with 
that in lower body strength. The differences in muscle strength and body parts may 
be due to genetic differences or by way of the involvment in the activities related to 
strength development. McNall et al. (1968) in his study on measurement of 
metabolic rate of subjects at different levels of activity showed that males have a 
higher rate than females. With the elderly subjects however, the insensible sweat 
rate of females was slightly lower than that of males. Sex related differences were 
also observed in the process of acclimatization to hot-dry environment (Shapiro et 
al., 1980). It is still not confirm that because of lower muscular strength and 
endurance ability, whether the female subjects were at a disadvantageous position 
or not when compared with their male counterparts (Cureton and Sparling, 1980). 
Martin and Nelson (1986) argued that greater body fatness of the female workers 
was significantly contributing towards gender differences. 
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When stimuli was presented to male and female subjects, it was found by 
Landauer et al (1980) that females were quicker in decision making than males 
while they were shown to be slower than their male counterparts in movement time 
However the reaction time (decision time + movement time) remained independent 
of the sex diflFerence Rizvi (1984) reported that females are as much superior to 
males in performing cognitive tasks as they are inferior in muscular power Sherman 
(1967), and Thompson et al (1981) reported the diflFerence in the performance of 
male and female subjects when spatial and cognitive tasks were carried out by them 
Maccoby and Jacklin (1974) while reviewing the human performance in the context 
of sex diflferences concluded that the sex diflferences were not significant in the risk 
taking tasks Fatkin and Hudgens (1982) summarised a number of studies regarding 
risk taking attitude of humans and found that 74% of the studies indicated greater 
risk taking for males, 11% for females, 11% for males under certain conditions and 
females under other conditions and 4% reported no diflFerence of sex 
A study conducted by Howarth and Griflfin (1988) on human 
response to simulated intermittent railway induced building vibration showed on the 
basis of Maim-Whitney U-test that the sex was not having any significant eflFect on 
annoyance The study carried out by Corbridge and Griflfin (1986) on vibration and 
comfort indicated that the shapes of the equivalent comfort contours were relatively 
unaflFected by gender 
The literature reviewed as above indicated that sex as a variable has 
not been investigated much In the light of the fact that number of females 
performing work in a driving environment is on the increase these days at a very 
rapid rate, this is getting very important to investigate the eflFect of sex in a driving 
environment 
2.5 Effect of Laterality on Human Performance 
It has been revealed through the split brain research on the 
capabilities and limitations of human performance that human beings have 
asymmetrical behaviours This asymmetrical behaviour of the humans is responsible 
for the use of either left-or right-sided parts called preferred part of the body and 
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accordingly humans are either left-handed-or-right handed Similarly they are also 
either left-or right-footed, left-or right-eyed and left-or right-eared This 
characteristic of humans is termed as human laterality Porac et al (1980) has given 
genetic and asymmetrical embryodevelopment as the possible reasons for the 
laterality 
Symmetry from the aesthetics view point, has its opposers and 
proposers The concept of symmetry was defined as a harmony of properties by 
Weyl (1952) Porac et al (1980) found that age related rightward trend continued 
into the adulthood when hand preference was related to the age Several studies 
(Coren et al, 1982, Porac and Coren, 1978) have shown that the concept of 
preference and proficiency is not interchangeable A relationship between leftward 
shift and stressful birth was found by Coren (1982) on the basis of lateral 
preference Rizvi et al (1990) while reviewing laterality and human performance 
observed that Porac and Coren (1981) carried out remarkable work in finding the 
relationship between laterality and sex, age, medical history, motor skill, cognitive 
abilities with reference to physiological and cerebral asymmetries Wada et al 
(1975) observed that not only the physiological asymmetry was a fiinction of age 
but the laterality also varied with the sex variation 
Several researches (Peters and Durding, 1979, Bransley and 
Rabinovitch,1970, Annet, 1976) have been conducted in the past to determine the 
effect of human fatigue on laterality These findings showed that different brain 
organisations were responsible for manual control in left-and right- handed persons 
McKeever and Van Deventer (1977) showed that gender also has a significant 
effect on motor performance when between hand differences are considered Satz et 
al (1962) in their study asked different motor sided persons to perform the task of 
tapping and dotting They found that 35% of the left-handed persons performed 
better with right hand on tapping while no difference was observed in 6% cases It 
was also observed by them that 12% did better tapping with their non-preferred 
left-hand while 1% showed no significant difference In a similar study conducted 
by Provins and Cunliffe (1972), it was found that 40% of the left-handed persons 
performed better with their non-preferred right-hand while 10% of the right-handed 
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persons did better with their lefMiand. No relationship between congruency of 
lateral preference and reading preference was found by Satz and Fried (1974). 
However lateral preference and specially handedness was shown to be an indicator 
of intellectual abilities. Todor and Doane (1977) showed that for difficult tasks, 
preference and proficiency were having very low correlation between them. 
Sheridan (1973) reported that regardless of preference, the increase of movement 
precision requirements increased*.with the right-hand superiority. The factors like 
practice (Provins, 1967), timing properties of the specific movement involved 
(Browne et al., 1984; Flowers, 1975), stimulus and response compatibility (Annet 
and Sheridan, 1973) and fatigue (Hellebrandt and Houtz, 1950) all affected 
superiority. Preferences can be determined by performing simple tasks involving the 
choice of limbs or organs responsible for sensing. Buxton (1973) in his study took 
the task of throwing an object, reaching to an object, picking up a small object and 
brushing with one hand and observed that the inter-correlation was having a value 
of 0.63. The results of the above study indicated that specific tasks were not 
affecting the lateral preferences much. The preference of hand appeared to be 
described by a single factor behaviour (Richardson, 1978). Also the hand preference 
responses were reported to be loaded upon a single factor by many researchers 
(White and Ashton, 1976; Bryden, 1977). The studies pertaining to the relationship 
between cognitive abilities and lateral preferences have shown that verbal functions 
and abstracting abilities were performed by left hemisphere while right hemisphere 
was responsible for motoric tasks (Hecaen and Albert, 1978). 
A large number of studies related to handedness and cognitive 
abihties found that there was significant relationship between them. The findings 
also favoured better preference in right-handed persons. 
The literature reviewed as above revealed that laterality was yet not 
being considered as an important parameter in the field of human factors 
engineering and more so in the context of vibrations exposure to humans. It appears 
that almost none of the investigations could be found in the literature regarding 
lateral preference and vibration exposure. As the previous researches available in 
literature indicated important role of laterality in work environments other than that 
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of the human exposure to vibration, it would be worthwhile to explore the 
relationship between laterality and performance of the operators in a driving 
environment where humans are exposed to the vibration induced stresses 
The researches carried out in the recent past on the themes of the 
vibration effect on health, vibration effect on performance, vibration and comfort, 
age effects, gender effects and laterality effects on human performance were 
surveyed in a systematised and lucid manner and presented as above In the light of 
the previous findings the problem of research for the present work was structured 
and methodology for solving the same was designed as portrayed in the next 
Chapter (Chapter III) 
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CHAPTER III 
PROBLEM AND RESEARCH METHODOLOGY 
The literature reviewed presented in the preceding chapter (Chapter-
II) suggested that the effects of several organismic factors like sex, laterality and age 
on human performance in the context of vibration exposure, in general, and the 
operators working in driving environment in particular are not yet fully understood. It 
thus offered scope to investigate the effect of such one of the most important 
organismic variables on human performance in the context of vibration induced 
stresses in a driving environment. Accordingly the research problem was formulated, 
the general methodology pertaining to such details as experimental design, subject's 
selection, stimuli, the experimental task, experimental set up was laid down and the 
general procedure employed to carry out the research was evolved as given below. 
3.1 Problem Statement 
In recent years there has been a rapid growth in the use of vehicles 
(four wheelers) as one of the most commonly used means of transportation. 
However, the pace of research in the field of transportation vibration exposure on 
humans has been rather slow in comparison to the growth rate of wide spread use of 
four wheelers not only in developed nations but also in developing'countries. Human 
problems today constitute one of the major issues determining the rate of success or 
failure of a system so far as the effective and proper use of modem facilities are 
concerned. 
For driving a vehicle, a high level of expertise and coordination is 
needed otherwise accidents might occur on the road. In order to avoid accidents, the 
operator must be provided an environment causing minimum fatigue in him. 
When an operator travels in a car or a train, he feels sickness which is 
known as motion sickness. However the degree of motion sickness may differ from 
operator to operator as reported by Reason (1974). According to Reason (1974) 
drowsiness and general apathy (head symptoms - called sopite syndrome by Graybiel 
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and Krepton (1976)), nausea and vomiting ( gut symptoms - emesis) is the outcome 
of motion sickness. Reason and Brand (1975) in their study reported that motion 
sickness was the consequence of incongruities among the spatial senses like the 
organs of balance, the eyes and the non vestibular position senses e.g. joints, muscles 
and tendons. The vestibular system (i.e. the semicircular canals and otolith organs) 
according to Reason (1974, 1978), was responsible for motion sickness which may 
result in performance deterioration of operators The literatyre reviewed indicated 
that previous researchers have been mainly emphasising on the studies related to 
vehicular vibrations irrespective of the age, sex and laterality characteristics of the 
operators. 
So far as the vehicular operation is concerned, motion sickness and 
long exposure to vibrations may come in the way of proper information flow to brain. 
The stimuli presented to brain may have different effects while driving on cityways, 
rural roads and highways. Various studies presented in this work were designed to 
find the effect of vehicular vibrations on human performance. In all, nine experiments 
were conducted in three independent driving environments namely cityway, rural 
road and highway. Three experiments were conducted to investigate human 
performance with and without the impact of vibrations in the city driving environment 
while the other three experiments were performed to investigate human performance 
also with and without vibration on a rural road. The last three experiments 
investigated the human performance with or without vibration on a highway. Out of 
the three studies of the first set, the first one (study-1) investigated the effect of sex 
on cognitive performance under varying power average levels of vibration in a 
cityway driving. Similarly in the second and third study (study-2 and -3) the effect of 
sex was studied on cognitive performance on the rural road and highway driving 
environments In the second set of experiments, the first one (study-4) investigated 
the effect of age on cognitive performance on humans in the task related to reaction 
time measurement under varying power average levels of vibration in the cityway 
driving. The other studies (study-5 and study -6) were conducted to determine the 
effect of age in a task having different levels of difficulty indices under varying levels 
of power average of vehicular vibration in rural road and highway driving 
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environments In the third set of experiment, the first study (study-7) was performed 
to determine the effect of laterality on human performance in a cognitive task under 
varying levels of power average of vibration in the city way driving The studies-8 
and -9 were carried out under similar conditions in the rural road and highway driving 
environments In all the nine studies, the reaction time in (milliseconds) constituted 
the basic measure of human performance Through the set of studies, stated as above, 
an attempt was made to determine the power average level of vibration that could 
provide a high degree of human- vehicle compatibility 
3.2 Experimental Design 
In all the studies undertaken in the present work, human response was 
measured in terms of reaction time (expressed in milliseconds) which was treated as 
the dependent variable Two independent variables viz vehicular vibrations at four 
levels ( 0, 0 94, 1 82 and 2 66m/s )^ and difficulty index at three levels (alternatives 1, 
2 and 3 ) were present in all the nine studies undertaken in the present work The 
third variable which varied from one study to another was 'sex' at two levels (males 
and females )in study-1, -2 and -3, 'age' at four levels ( 20-30 y, 30-40 y, 40-50 y 
and 50-60 y ) in study -4, -5, and -6 and laterality at two levels ( right-motor-
sidedness and left-motor-sidedness (study-7, -8 and -9) A three factor based factorial 
design of repeated measures type was used in all the investigations For the repeated 
measures kind of factorial design, a computer program was developed to perform the 
analysis of the data 
3.3 Subjects 
A pool of 189 potential subjects was consciously selected for the 
present work This pool included both males and females and right- motor-sided as 
well as left-motor-sided persons in the age ranging 20 y to 60 y Most of the subjects 
were either students of engineering or employed in this university This ensured that 
their availability did not pose any problem at the time they were needed for 
experimentation To determine motor-sidedness characteristic i e laterality of the 
subjects, Annet's inventory system ( Annet, 1970) was administrated to the sample 
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population. This was a standard, self - administrated questionnaire (Appendix A) 
related to the handedness and footedness, and provided same information on motor-
sidedness as that provided by behavioural tests of individuals ( Porac and Coren, 
1981; Raczkowski, et al 1974), out of 350 questionnaire circulated among the AMU 
Aligarh community members, 261 persons responded and out of these, 218 persons 
expressed their willingness to participate in the present study, the sample response 
status being presented in Table 3.1. 
Motor-sidedness of the subjects was measured through the 
Performance Index (P.I.) (Annet, 1970) for each of the 218 cases who agreed to 
participate in the study. Information related to the sample characteristics were 
processed through a computer program that was 
Table 3.1 Sample Response Status 
Contacted 
350 
Responded 
261 
Number of persons 
Agreed to participal 
Total 
218 
Males 
173 
te 
Females 
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specifically developed for this purpose. Subjects having P.I greater than 0.9 were 
considered to be right-motor -sided, whereas an ideal value for P.I. is +1, a value that 
represents a perfectly right-motor-sided laterality. Those having negative P.I. were 
considered to be left-handed people, whereas an ideal value for P.I is -1.0, a value 
that corresponds to represent a perfectly left-motor-sided feature of laterality. Any 
negative score in the latter category was taken to be an index of left-motor-sidedness 
due to shortage of left-motor-sided people in Indian society. Results of the computer 
output pertaining to this analysis are sunmiarized in Table 3.2. 
From this pool of subjects, sample sets with appropriate subject 
characteristics were selected for different experiments with the condition that none of 
the subjects participated in more than one experiment. 
37 
Table 3.2 Results of Sample Data Analysis Pertaining 
to Laterality Characteristics of the Subjects 
Number of Cases 
Processed 
218 
Rejected 
20 
Accepted 
198 
Gender of the 
Subjects 
Males 
156 
Females 
42 
Laterality of the 
Subjects 
Right-
Motor-
Sided 
175 
Left-
Motor-
Sided 
23 
3.4 Stimuli and the Experimental Task 
Stimuli was presented to the subjects in the form of difficulty index to 
determine the reaction time. The stimuli remained fixed throughout the experimental 
sessions. Stimuli presented at three levels so as to determine simple reaction time and 
choice reaction time. The subjects were asked to operate the switch for the same type 
(colour) of bulb which was put on by the experimenter. For this purpose, two 
wooden boards were used. The board to be operated by experimenter was having 
three bulbs (red, blue and green) placed on it while the subject's board was having 
three positions of the bulb. At location one, only one bulb was kept to be operated, at 
location two, two bulbs (red and blue) were placed to be put on and at location three, 
three bulbs (red, blue and green) were used for measuring the reaction time. As a part 
of the present work, an experiment was carried out to determine the power average 
levels of vibration in x, y and z direction to which operators were subjected while 
driving the four wheelers in different environments of driving. It was found that the 
total vibration varied fi-om 0.45 m/s^  to 2 66 m/s^  as per details given in Chapter IV. 
In the light of the result of the study, the power levels of vibration in the present 
research were set at 0, 0.94, 1.82, 2.66 m/s^  for all the investigated driving 
environments of cityway, rural road and highway considered in the present work. 
During experimentation, subject sat on the back seat in normal sitting 
position as demonstrated in the schematic diagram shown in Figure 3.1 and in the 
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Figure 3.1 Schematic diagram of the subject in the sitting position. 
Figure 3.2 Subject sitting in the vehicle before performing the experimental task. 
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photograph (Figure 3.2) and was asked to switch on at location 1 after the bulb of 
the same colour is observed to be glowing on the experimenter's board The subject 
was also informed to maintain normal sitting posture throughout the experimentation 
The subject was having prior information that red bulb will be illuminated (simple 
reaction time task-difficulty index level-1) Same procedure was to be used in the 
second setting with the difference that out of the two bulbs on the experimenter's 
board anyone could be lighted and by seeing the colour of the lighted bulb, the 
subject had to switch on the bulb of same colour present at location 2, this being a 
case of the choice reaction time having two akematives (difficulty index level-2) 
Similarly for the third setting, experimenter switched on anyone of the three bulbs 
present on the board and subject responded by switching the same coloured bulb on 
present at location 3 (choice reaction time having three alternatives -difficulty index 
level-3) The experiments for all the three settings were performed at the pre-
specified level of vibration and on the pre-specified driving condition ( cityway, rural 
road or highway) The reaction time was measured in milliseconds by an electronic 
system designed, fabricated and tested indigenously in the Ergonomics laboratory of 
the Department of Mechanical Engineering, AMU, Aligarh 
3.5 Design and Development of Human Response Measurement System 
As the world is moving towards the use of newer and more 
sophisticated gadgetry, humans are becoming more vulnerable to the mental stresses 
induced by these complex systems The assessment of the time required for 
performing any control operation becomes all the more important if it is related to 
human safety. Generally the reaction time is used to determine mental state of the 
operator and to measure human performance in human factors 
engineering/ergonomics Reaction time is the time counted from the presentation of 
the response stimulus until the beginning of the response has been executed The time 
required for execution of the response from the time when decision about the 
response has been taken is Movement time Prior to this i.e. time taken in deciding 
about which specific response is to be given is called Decision time. It is very difficult 
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to separate decision time and movement time from the total time i e Reaction time 
required for responding to the presented stimulus/stimuH 
Since the time required for measuring a response is of the order of 
milliseconds, a robust and accurate system is required for measurement in the type of 
task undertaken in the present research Keeping this requirement in view, a system 
was designed in such a way that it starts at the start of the stimuli and ends as the 
response of this stimuli is executed The system has been made to operate in the 
range of 1 - 9999 milliseconds The human response measurement system was 
fabricated as per the logic diagram shown in Figure 3 3 The electronic 
components/chips used and their function in fabrication of the human response 
measurement system has been described below 
A 7404 hexadecimal inverter was used to construct a TTL (Transistor 
- Transistor Logic) - compatible clock The 7404 IC (Appendix C, Figure C-1) 
consists of six inverters hence the name hexadecimal inverter After applying +5 V ( 
the supply voltage for all TTL devices) to pin 14 and ground pin 7, any one or all the 
inverters can be connected to other TTL devices A 1 MHz through two resistances 
(1 KQ each) and a capacitor (l|iF ) was connected to generate clock This clock was 
passed through decade counters ( IC 74160) connected in series A decade counter 
is employed for dividing a pulse frequency exactly by 10 The 1 KHz output obtained 
after the third stage was supplied to IC 7411 which is a triple three input AND gate 
In an AND gate (Appendix C, Figure C-2) when all inputs A,B,C are low, all diodes 
are conducting therefore output y is low If even one point is low, y is in the low state 
because the diode connected to the low input remains on The only way to get high 
output is to make all inputs to the high state (+5 V) Then all diodes stop conducting 
and the supply voUage (+5 V) pulls the output up to the high state The logic symbol 
for the three input AND gate is shown in Figure C-3 (Appendix C) The output of 
the four decade counters (for thousands, hundreds, tens and ones) is BCD input (Qo, 
Qi , Q2 and Q3 ) for decoder/driver (IC 7448) BCD is an abbreviation for Binary 
Coded Decimal. The BCD Code expresses each digit in a decimal number by its 
nibble equivalent The internal logic of IC 7448 (decoder / driver) converts the BCD 
input to the required output The output of the IC 7448 was supplied to the seven 
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Figure 3.3 Logic diagram of human response measurement system. 
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segment indicator i e seven LEDs labeled 'a' through 'g' (Appendix C, Figure C-4) 
By forward biasing different LEDs the digits from 0 to 9 can be displayed A reset 
switch was also connected in the timer circuit to reset the display at 0 position The 
5V D C supply was given to the TTL circuit through a 12 V battery 
With this TTL circuit, circuit -1 containing three bulbs (red, green 
and blue) and circuit -2 having three combinations of bulbs (red, red and green, and 
red, green and blue) were made compatible Circuit -1 contained four points point 
through which resistance ( 1 KQ ) for the bulb of circuit -1 is connected, ground, 
switch s and resistance point RBJ for the bulbs of circuit -2 The circuit -2 was having 
two points switch for operating the bulbs and the resistance ( 1 KQ ) point RB2 The 
pin number 4 of IC 7404 was connected to RB2 and pin number 2 of IC 7411 was 
joined with RBI The switches of circuit-1 and -2 were connected to supply from the 
battery and RB2 was connected to the negative of circuit -2 The supply of 5 V D C 
was obtained from the same battery from which the TTL circuit was being energised 
When the experimenter operates the switch for a particular bulb the clock starts 
running and display shows the time As soon as the subject responds to this stimuli 
and lights the bulb of the same colour in the circuit -2 by operating the switch, the 
clock stops moving The time spent during this process can be read directly in 
milliseconds 
3.6 Vibration Measucement 
The vibration level meter (VR 5100, ONO SOKKI Co Ltd Japan) 
based on Japanese Industrial Standards JIS C 1510-1976 (Appendix O) and 
measurement law of Japan was used for the measurement of power average of 
vibration levels in each x, y and z direction The vibration pickup (NP-7210) 
containing three independent shear type piezoelectric elements for detecting signals 
was placed on the seat of the car at a specially prepared hard disc as per the 
recommendations of ISO 2631-1 (1997) The power average of vibration levels 
(equivalent vibration levels) were measured with respect to standard biodynamic 
coordinate system (Figure 3 5) according to ISO 2631-1 (1997) The vibration level 
meter was calibrated in x, y and z direction prior to measurement The measuring 
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Figure 3.4 Human response measurement system. 
Se.^t i)-nk 
Seat-su'l«ce 
Figure 3.5 Whole body vibration biodynamic coordinate 
system for seated subject 
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level range of the equipment and measuring frequency range were 30 to 120 dB and 
1 to 90 Hz respectively The vibration level meter has specifications as detailed in 
i^pendix P To check the suitability of the basic evaluation method, the crest factor 
was calculated for x, y and z directions According to ISO 2631-1 (1997), the crest 
factor is defined as the modulus of the ratio of the maximum instantaneous peak 
value of the firequency weighted acceleration signal to its rms value The peak shall be 
determined over the duration of measurement The crest factor values for x, y and z 
directions obtained were within the limit prescribed by ISO 2631-1 (1997) As per 
ISO 2631-1 (1997) recommendations, for vibration with crest factors below or equal 
to 9, the basic evaluation method is normally sufficient 
3.7 Experimental Set up 
The experiments were performed on a Maruti-800 car (a passenger 
car manufactured by Maruti Udyog Ltd Gurgaon (India) in a real life environment 
This particular type of car was chosen because of the fact that around 70% of the 
Indian user's population own this type of vehicle The experimental setup comprised 
of following sub-systems 
1 Human response measurement system 
2 Circuit -1 and Circuit -2 with bulbs of different colours mounted on them in 
the proper sequence 
3 A 12 volt battery for energising TTL circuit and circuit -1 and -2 
4 Vibration level meter (Make VR5100, ONO SOKKI Company Ltd Japan) 
5 Pieces of connecting wires, crocodile clips, battery charger, distil water, acid 
etc 
The experimenter and the operator sat on the back seat of the vehicle 
The circuits -1 and -2 were mounted on the back of the first seat in front of the 
experimenter and operator respectively To ensure good visibility of the circuit bulbs 
and display terminals, the black window screens of the vehicle were used The 
temperature of the vehicle was maintained at approximately 26 ± 3 degree Celsius 
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Figure 3.6 Components of experimental setup 
^ Circuit - 1 Circuit - 2 
Human response 
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s>'Stem 
Power Supply 
Expenmenter 
560 mm 
Operator 
Figure 3.7 Schematic diagram of experimental setup. 
46 
3.8 General Experimental Procedure 
Before the actual experimentation was started, a pilot study was 
undertaken This helped in planning the details of experimental studies and in 
checking the suitability of the observation sheet design for collecting the experimental 
data For each study, a sample of 14 subjects (28 in study -4, -5 and -6) with each 
subject fulfilling the pre-specified characteristics was selected fi-om the pool of 
potential subjects described elsewhere (section 3 3) earlier None of the subjects 
participated in more than one experiment The following preparatory steps were 
undertaken before the actual conduction of the experiment 
a) Each subject selected for any of the experiment was briefed about the objective of 
the experiment Instruction to be followed by the subject (Appendix E) while 
performing the experimental task were imparted to the subjects 
b) The subject related characteristics like age, vision were recorded 
c) A training session was organised for each subject in order to get them familiarized 
with how to perform the task At least one complete run of the experiment was 
undertaken for this purpose 
After the subjects had taken his/her seat in the test vehicle and all the 
instructions imparted, the following steps were taken in that order for both training 
as well as experimental sessions 
1 A START signal was given to the subject 
2 Stimulus was presented to the subjects by the experimenter in the form of lighting 
different coloured bulbs provided on a wooden board 
3 The subject responded by switching on the same coloured bulb provided on 
another board 
4 The reaction time was noted by the experimenter 
The traffic density, inexperienced drivers, older drivers with reduced 
vision, mobile communication systems etc are all contributing to the driver mental 
load and consequently affecting his mental status (Andrews et al 1994) The factors 
cited above should be kept in mind while designing vehicles from the point of view of 
drivers (Richter et al 1998) Within this fi-ame work, the safety on the roads assumes 
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Figure 3.8 Subject performing the experimental task. 
Figure 3.9 Vibration level meter and vibration pickup 
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significance. Present study has been conducted in the three independent driving 
environments namely cityway, rural road and highway. The components of traffic are 
different in different driving environments. For example on city roads mini buses, 
cars, autorickshaws, two wheelers etc. ply while on the rural roads agricultural 
tractors, manually driven rickshaws, bicycles, tongas are driven. As far as traffic on 
the highways is concerned, it generally comprises of buses, trucks, cars and heavy 
vehicles. Although vibration levels generated on different roads have the same values, 
it is the traffic density and the nature of the traffic which has an influence on the 
driving performance The brain receiving stimulus sends signals to various biological 
resources to cope with the situation and act according to the demand of the driving 
task. The width of the roads also play an important role on the mental condition of 
the operator. The Indian Road Congress (IRC) has recommended a minimum single 
lane width of 3.5 m, 3 m and 3.75 m for cityway, rural road and highway 
respectively (Justo and Khanna, 1994). In terms of the road conditions in general, 
these three driving environments are observed to be very distinct in the Indian 
context particularly the north Indian locations. One can easily observe that rural 
roads are not very well attended in terms of repairs and maintenance while the 
reverse is true in case of cityways where city municipal authorities constantly have a 
watch on the status of the road condition As regards the highway condition they are 
normally very well attended and this results in very high speed of the vehicles passing 
on to the roads. 
The cycle was repeated for every level of difficulty index (level one 
consisting of a red bulb, level two comprising red and green bulbs and level three 
having red, green and blue bulbs) for varying power average levels of vibration. In 
every cycle of operation, a rest period of 30 minutes was provided to the subjects. 
Human performance in terms of response time was recorded at approximately same 
time of the day on each day of experiment. This has been kept in view in order to 
eliminate any temporal effect in experimentation that might have had its impact on the 
subject's performance. 
The above discussed research methodology was employed in carrying 
out all the sets of experimental investigations presented in next chapter (Chapter IV). 
49 
CHAPTER IV 
EXPERIMENTAL INVESTIGATIONS 
Present chapter deals with the experimental studies on the effects of different 
organismic factors on human performance in the environment of vehicular vibration 
Before proceeding ahead power average of vibration level (equivalent vibration level, 
Leq) for five minutes was determined in x-, y- and z-direction at different speeds as 
shown below (Table 4 1) An equivalent vibration level, Leq means the power average 
of the amount of vibration measured in a specified period of time(Appendix P) and 
has been derived from the term equivalent noise level of sound level meter 
Table 4.1 Power average of vibration level (dB) as observed at different speeds 
of the vehicle. 
Vehicular speed 
Km/hr 
10 
20 
30 
40 
50 
60 
70 
Power average of 
vibration level 
(x-direction) (dB) 
l-'eqx 
80 6 
85 5 
84 9 
87 9 
89 9 
89 5 
916 
Power average of 
vibration level 
(y-direction) (dB) 
Leqv 
82 8 
86 6 
87 1 
91 6 
89 4 
91 7 
93 4 
Power average of 
vibration level 
(z-direction) (dB) 
i^eqz 
90 8 
98 5 
102 5 
102 7 
103 5 
104 2 
106 1 
According to ISO 2631-1 (1997) recommendations, when vibration in two or more 
axes is comparable, the vector sum is used to estimate the performance The resultant 
vector sum was obtained according to the following equation 
Total Vibration = V (1 4 a^ )^^  + (14 awy)^  + (a„^)^ 
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Where awx, awy and a„y are the weighted rms acceleration values in x-, y- and z-
direction and factor 1 4 is the ratio of the longitudinal to the transverse acceleration 
limits for the frequency range in which humans are more sensitive The weighted rms 
acceleration values obtained in x-, y- and z- direction from the relationship between 
the vibration acceleration level and the acceleration value (Appendix P) along with 
the total vibration calculated at different speeds has been presented as follows 
Table 4.2 Weighted rms acceleration values in x, y and z direction and 
values of total vibration at different speeds of t he vehicle. 
Speed 
Km/hr 
10 
20 
30 
40 
50 
60 
70 
awx 
m/s^ 
O i l 
0 18 
0 175 
0 28 
0 35 
0 33 
0 39 
awy 
m/s^ 
0 165 
0 19 
0 275 
0 39 
0 33 
0 40 
0 53 
awz 
m/s^ 
0 365 
0 87 
1 65 
1 70 
1 75 
185 
2 50 
Total Vibration 
m/s^ 
0 45 
0 94 
1 71 
1 82 
187 
198 
2 66 
For each of the nine studies undertaken in the three independent driving 
environments in the present work, the purpose, the methodology, the results and 
finally the discussion and conclusions are presented as below 
4.1 Effect of Sex on Human Cognitive Performance 
Details of the three experiments conducted to study the effect of sex 
on cognitive performance of humans are presented in what follows 
4.1.0 Purpose 
An overview of the literature reviewed indicated that very few studies 
have been carried out in the past taking sex as a variable in measuring human 
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performance in the driving environment In this hi-tech era, women-folk is entenng at 
a faster rate in information technology related tasks/jobs and that pattern is found in 
other fields also As a result more and more number of females have to do the driving 
for catering to their job related needs Thus a large number of females are joining 
very wide ranging jobs in all walks of life, so that it becomes all the more important 
to undertake such studies as the present one Keeping this in view, present study was 
designed to explore how males and females respond in a cognitive task under 
different levels of vehicular vibration in a driving environment 
In terms of null hypothesis, the problem may be stated as follows 
1 Males and females have the same performance under varying levels of 
difficulty index 
2 Different levels of vehicular vibrations are equally efficient from the 
operators Point of view 
3 Different difficuhy indices (simple as well as choice reaction time) have no 
effect on human performance 
4.1.1 Experiment 1 (STUDY - 1) 
In this experiment, the gender effect on cognitive performance under 
varying levels of difficulty at varying levels of vehicular vibration in the CITY WAY 
DRIVING ENVIRONMENT was studied Details of the study were as follows 
4.1.1.1 Method 
Fourteen subjects (7 males and 7 females) participated in this study 
Their age ranged from 22 years to 32 years (mean 26 years, S D = ± 4 9 years) while 
the height varied from 160 cm to 178 cm (mean 168 4 cm, S D = ± 7 42 cm) The 
mean weight of the subjects was 57 4 kg (S D - ± 4 5 kg) All the subjects had 
normal vision and none of the subjects were having any previous history of 
neuromuscular disorders 
52 
The experimental procedure as detailed in section 3.2 (Chapter IH) 
was adopted for conducting the present experiment. All the experimental sessions 
were held between 0900 and 1300 hours. 
4.1.1.2 Result 
In performing the experimental task, the subjects committed almost 
negligible error (less than ± 5% error). In case of some doubt or non performing the 
experimental task satisfactorily the exercise was repeated to the full satisfaction of the 
experimenter. The performance was measured in terms of the reaction time 
(expressed in milliseconds). The individual and mean values of reaction time (in 
milliseconds) for both males and females were obtained as presented in Appendix F. 
The overall means of reaction time values for both males and females under different 
combinations of treatment were obtained as presented in Table 4.1.1.1. It was 
observed that the reaction 
Table 4.1.1.1 Mean reaction time (in milliseconds) at different levels of 
difTiculty index at all the four power average levels of vibration 
in a cityway driving environment (Study-1). 
Sex 
Male 
Female 
Reaction Time (inms)at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficuhy Index 
1 2 3 
461.85 657.28 855.71 
484.14 665.28 922.28 
Power Average of 
Vibration Level-2 
(Total Vib. 0.94 m/s^) 
Difficuhy Index 
1 2 3 
458.14 623.57 807.85 
438.42 637.57 859.42 
Power Average of 
Vibration Level-3 
(Total Vib. 1.82 m/s^) 
Difficulty Index 
1 2 3 
407.14 699.42 921.42 
410.71'692.14 929.14 
Power Average of 
Vibration Level-4 
(Total Vib. 2.66 m/s^) 
Difficulty Index 
1 2 3 
491.14 887.85 1081.5 
444.85 847.14 1032.2 
time values decreased with the increase in vibration level except at level -4 (2.66 
m/s) where the value was found to increase again when the subjects (male and 
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female) performed the simple task (difficulty index level -1) For the choice task 
(difficulty index level -2 and -3), the values of reaction time were found to increase at 
all levels of vehicular vibrations except at no vibration condition (level-1) where the 
reaction time values were more than that obtained at level -2 of vibration (0 94 m/s^ ) 
for both male & female subjects 
A 2 (sex) X 4 (power average of vibration level) x 3 (level of difficulty 
index) factorial design with repeated measures on the last two factors was employed 
for the analysis of variance and F-ratios were computed Results of the analysis of 
Table 4.1.1.2 Summary of the analysis of variance pertaining to the effect of 
sex on human performance when operators performed the 
cognitive task under varying levels of vehicular vibration in a 
cityway driving environment (Study-1). 
Source of variation 
Between subjects 
A(Sex) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
SS 
105994 03 
31 72 
1059962 31 
10590049 92 
611423 35 
35054 59 
df 
13 
I 
12 
154 
3 
3 
MS 
8153 38 
31 72 
88330 19 
68766 55 
203807 78 
11684 86 
F 
3 59x10-^ 
4 447' 
0 2549 
BxSubjects within groups (Error 2) 
C (Difficulty mdex) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
*p <0 05 
1649709 98 36 45825 27 
6386799 25 2 3193399 62 104 69* 
7100 09 3550 045 0 116 
732041 33 24 30501 72 
273606 42 6 45601 07 3 708* 
8882 53 6 1480 42 0 12 
885432 38 72 12297 67 
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variance summarised in Table 4 112 implied that the effect of sex was not 
statistically significant (F<1,NS) This mdicated that response time was mdependent 
of the sex of the operators and the factor sex did not significantly interact with the 
vehicular vibrations (F (3,36) = 2 872, NS) and so was the case with the second order 
interaction viz, sex x vibration levels x difficulty index ( F (6,72) = 2 234, NS) 
However, the significant interaction between vehicular vibration level and the 
difficulty index (F (6,72) = 2 234, p<0 05) was obtained and this necessitated an 
analysis of the simple main effects The result of the simple main effects analysis 
(Table 4 113) indicated that the power average of vibration level was statistically 
Table 4.1.1.3 Summary of the analysis of simple main effects when subjects 
performed the cognitive task at varying levels of difficulty 
index under varying power average levels of vibration in a 
cityway driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci(Difficulty index level-1) 
At C2(Difficuhy index level-2) 
At C3(Difficulty index level-3) 
25569 40 
292569 25 
299396 71 
Error term = 57897 95 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 542942 57 
At B2 (Power average of vibration level-2) 428465 14 
At B3 (Power average of vibration level-3) 931477 71 
At B4 (Power average of vibration level 4) 116819781 
Error term =43930 25 
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3 8523 13 0 147 
3 97523 08 1 68 
3 99798 90 1 72 
2 27147128 6 17* 
2 214232 57 4 87* 
2 465738 86 10 6* 
2 634098 90 14 43* 
non-significant at all the three levels of difficulty indices However the same was not 
true in case of the difficulty index under the varying power average levels of 
vibration. The difficulty index was found to have a significant effect at all the four 
power average levels of vibration 
Table 4.1.1.4 Mean reaction time (in milliseconds) pooled over males and 
females at different difficulty indices under varying power 
average levels of vibration (Study-1). 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
Vi(O.OO) 
V2 ( 0.94 ) 
¥3 (1 .82 ) 
V4 (2.66 ) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 
473.00 661.28 
448.28 630.57 
408.92 695.78 
468.00 867.50 
3 
889.00 
833.64 
925.28 
1056.92 
In the next phase of the analysis, mean levels of reaction time (in ms) of 
the operators were computed for different levels of difficulty index for varying power 
average levels of vibration as shown in Table 4.1.1.4. The relationship between the 
reaction time and difficulty index level was further explored through the regression 
analysis software. It was found that the equation of best fit was based on linear 
function. Accordingly, curves of best fit were established as shown in Figure 4.1.1.1 
and 4.1.1.2. The reaction time model indicated a linearly varying pattern of reaction 
time with difficulty index level. The reaction time models (Figure 4.1.1.1) 
corresponding to different levels of vibration were obtained as follows. 
(i) For power average of vibration level-1 (no vibration condition) 
RTvi = 258.43 + 208.00 D 4.1.1.1 
(ii) For power average of vibration level-2 (total vibration 0.94 m/s^ ) 
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Figure 4.1.1.1 Mean reaction time pooled over male and female subjects as a 
function of the difficulty index level for varying power average 
levels of vibration in a cityway driving environment (Study -1). 
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Figure 4.1.1.2 Mean reaction time pooled over male and female subjects as a 
function of total vibration (m/s^) for varying levels of difficulty 
index in a cityway driving environment (Study -1). 
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RTv2=252 13 + 192 67D 4 112 
(iii) For power average of vibration level-3 (total vibration 1 82 m/s^) 
RTv3 = 16029 + 258180 4 1 1 3 
(iv) For power average of vibration level-4 (total vibration 2 66 m/s^) 
RTv4 = 208 55 + 294 46 D 4 1 1 4 
where RTvi, RTv2, RTv3 and RTv4 represent the reaction time at power average of 
vibration level-1, -2, -3 and -4 respectively and D represents the level of difficulty 
index(D=l,2&3) 
The reaction time models for varying difficuhy index levels (Figure 
4 112) were obtained as follows 
(i) For difficuhy index level-1 
RTDI = 458 53 - 6 63 V 4 1 1 5 
(ii) For difficulty index level-2 
R T D 2 = 6 1 1 0 0 + 75 8 5 V 4 1 1 6 
(iii) For difficuhy index level-3 
RTD3 = 836 86 + 65 94 V 4 1 1 7 
where RTDI, RTD2 and RTD3 represent reaction time at difficuhy index level-1, 
-2 and -3 respectively and V is the value of total vibration 
4.1.2 Experiment 2 (STUDY-2) 
In this experiment, the gender effect on cognitive performance under 
different difficulty indices at varying power average levels of vibration in the 
RURAL ROAD DRIVING ENVIRONMENT, was studied Details of the study are 
presented as follows 
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4.1.2.1 Method 
After excluding the subjects who participated in the previous study, 
fourteen other subjects (7 males and 7 females) were selected from the planned pool 
of subjects to participate in the present study. The age of these subjects ranged from 
20y to 28y (mean = 24.6 y; SD = ± 3.7 y) and the height was in the range of 158cm to 
176cm (mean 164 8 cm; SD = ± 6.38cm) The mean weight of the subjects was 58.2 
kg (SD = ± 5.3 kg). All the subjects had normal vision and none of the subjects had 
any previous history of neuromuscular disorders. The experimental procedure 
adopted in the previous study (experiment-1) was followed in this experiment too. All 
the experimental sessions were conducted between 0900 and 1400 hrs. 
4.1.2.2 Result 
Subjects committed negligible error (less than 5%) in performing 
experimental task. The reaction time taken by the subjects was measured through a 
specially fabricated human response measurement system in milliseconds. The 
individual and mean levels of human reaction time in milliseconds for both males and 
females were obtained as presented in Appendix G. The overall means of human 
response time in milliseconds for both males and females under different 
combinations of treatment are presented in Table 4.1.2.1. The mean values of the 
reaction time (Table 4.1.2.1) for the male subjects show that simple reaction time 
(difficulty index level-1) decreased with the increase in vibration at all levels except 
at level -4 (2.66 m/s^ ) of vibration where the reaction time was found to be more than 
that obtained at level -3 (1.82 m/s^ ) of vehicular vibration. The reaction time required 
in performing the task by male subjects at difficulty index level-2 was maximum at 
no vibration condition (level-1) and minimum at 0.94 m/s^  (level-2) vibration. Also 
the reaction time was found to have more value at 1.82 m/s^  vibration (level-3) than 
that obtained at level-4 of vibration (2.66 m/s^ ). When the task was executed by male 
subjects with difficulty index level-3, the reaction time values were found to increase 
at all levels except at 0.94 in/s^(level-2) vibration where it was less than that obtained 
at no vibration condition (level-1). 
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Table 4.1.2.1 Mean reaction time (in milliseconds) at different levels of 
difficulty index at all the four power average levels of vibration 
in a rural road driving environment (Study-2). 
Sex 
Vlale 
Female 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
625.57 766.00 837.71 
582.85 758.14 853.85 
Power Average of 
Vibration Level-2 
(Total Vib. 0.94 m/s^) 
Difficulty Index 
1 2 3 
592.71 673.42 803.00 
594.10 687.85 817.14 
Power Average of 
Vibration Level-3 
(Total Vib. 1.82 m/s^) 
Difficulty Index 
1 2 3 
523.85 736.42 870.71 
601.85 737.28 857.85 
Power Average of 
Vibration Level-4 
(Total Vib. 2.66 m/s^) 
Difficulty Index 
1 2 3 
566.00 720.85 874.57 
556.14 733.42 876.28 
As far as female subjects are concerned the reaction time values at 
difficulty index level-1 were found to increase with the increase in vibration level 
except at level-4 (2.66 m/s^ ) of vibration where it was found to have smaller value 
than that obtained at level-2 (0.94 m/s^ ) of vibration. When the task was performed 
with difficulty index level-2, the reaction time value was found to be more at no 
vibration condition than that obtained at level-2 (0.94 m/s^ ) of vehicular vibration. 
The value of reaction time was observed to increase again at level-3 (1.82 m/s^) of 
vibration with a slight decrease in reaction time value obtained at level-4 (2.66 m/s^) 
of vibration. For the choice reaction type of task (difficulty level-3), the reaction time 
values increased at all levels of vibration except at no vibration condition (level-1) 
where it was more than that at level-2 (0.94 m/s^) of vibration. 
A 2 (sex) X 4 (power average of vibration level) x 3 (level of difficulty 
index) factorial design with repeated measures on the last two factors was employed 
for the analysis of variance. The F-ratios was computed and has been summarised in 
table 4.1.2.2. Resuhs indicated that the effect of sex in tasks of the type considered 
was statistically non-significant (F<1; NS). Thus it was found that in a cognitive task 
the human reaction time in rural road driving was independent of the sex of the 
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operators The power average of vibration level and the interaction of sex and power 
average of vibration level were both found to be statistically non-significant (Fo 95 
(3,36) = 1 306, NS , F095 (3,36) < 1, NS) It was also found that difficulty index had a 
significant effect on human performance (F (3,36)= 2 89, p< 0 05) and the interaction 
Table 4.1.2.2 Summary of the analysis of variance pertaining to the efTect of sex 
on human performance when operators performed the cognitive 
task in a rural road driving environment under varying levels of 
vehicular vibrations (Study-2) 
Source of variation SS df MS 
Between subjects 
A(Sex) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
190945 16 13 14688 08 
1281 52 
189663 64 12 
1281 52 
15805 3 
0 081 
2851212 17 154 18514 36 
39414 23 13138 07 1 306 
3306 72 3 1102 24 0 1096 
36189189 36 10052 55 
2024512 04 2 1012256 02 166* 
3129 
145616 83 24 
63586 00 
24159 38 
189214 78 72 
16 645 0 0027 
6067 36 
10597 66 4 032* 
4026 56 1 532 
2627 98 
*p < 0 05 
of power average of vibration level and difficulty index was emerged to be a 
significant factor while driving at different speeds This significance between power 
average of vibration level and difficulty index (F (6,72) = 2 234, p<0 05) necessitated 
the analysis of simple main effects The interaction between sex and difficulty index 
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and the interaction effect of sex x power average of vibration level x difficulty index 
were found to be non -significant (F<1, NS, F (6,72) = 1 532, NS) 
The results of the analysis of the simple main effect (Table 4 12 3) 
indicated that the power average of vibration level was statistically non-significant 
Table 4.1.2.3 Summary of the analysis of simple main effects when subjects 
performed the cognitive task at varying levels of difliculty 
index under varying power average levels of vibration in a 
rural road driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci(Difficulty index level-1) 
At CzCDifficulty index level-2) 
At C3(Difficuhy index level-3) 
Error term = 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 
At B2 (Power average of vibration level-2) 
At B3 (Power average of vibration level-3) 
At B4 (Power average of vibration level 4) 
Error term = 
38858 96 
31399 82 
23406 42 
13262 99 
163024 66 
157555 14 
428234 66 
333258 66 
3592 09 
3 
3 
3 
2 
2 
2 
2 
12952 98 
10466 66 
7802 14 
81512 33 
78777 57 
214117 33 
166629 33 
0 976 
0 789 
0 588 
22 69* 
2193* 
59 60* 
46 38* 
*p< 0 05 
at all the three levels of difficuhy index while the difficulty index emerged to be 
significant at all the four power average levels of vibration 
In the next phase of the analysis, mean reaction time of operators (in 
msec) was computed for different levels of difficulty index for all the four power 
average levels of vibration (Table 4 12 4) Based on this analysis, curves of best fit 
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Table 4.1.2.4 Mean reaction time (in milliseconds) pooled over males and 
females at diflerent difficulty index levels under varying power 
average levels of vehicular vibration (Study-2). 
Power Average of Vibration Levef 
(Total Vibration-m/s^) 
Vi (0.00 ) 
V2 (0.94 ) 
V3(1.82) 
V4 (2.66 ) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 
604.21 762.07 
593.42 680.64 
562.85 736.85 
561.07 727.14 
3 
845.78 
810.07 
864.28 
875.42 
were established as shown in Figures 4.1.2.1 and 4.1.2 2 The reaction time models 
obtained in the present study are as follows: 
(i) For power average of vibration level-1 (no vibration condition) 
RTvi = 495.78+120.78 0 4.1.2.1 
(ii) For power average of vibration level-2 (total vibration 0.94 m/s^) 
RTv2 = 478.06 +108.32 D 4.1.2.2 
(iii) For power average of vibration level-3 (total vibration 1.82 m/s) 
RTv3 =419.89 +150.71 D 4.1.2.3 
(iv) For power average of vibration level-4 (total vibration 2.66 m/s ) 
RTv4 = 406.85 + 157.17D 4.1.2.4 
where RTvi, RTv2, RTv3, and RTv4 represent the reaction time at power average of 
vibration level -1, -2, -3 and -4 respectively and D represents the level of difficulty 
index. 
The reaction time model for varying levels of difficuhy were obtained 
as follows: 
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Figure 4.1.2.1 Mean reaction time pooled over male and female subjects as a 
function of the difficulty index level for varying power average 
levels of vibration in a rural road driving environment (Study -2). 
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Figure 4.1.2.2 Mean reaction time pooled over male and female subjects as a 
function of total vibration (rays') for varying levels of difficulty index 
in a rural road driving environment (Study -2). 
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(i) For difficulty index level-1 
RTDI = 604.90-18.09 V 4.1.2.5 
(ii) For difficulty index level -2 
RTD2= 734.79-5.99 V 4.1.2.6 
(iii) For difficulty index level -3 
RTD3 = 827.46 +15.81V 4.1.2.7 
where RTDI, RTD2andRTD3 represent reaction time at difficulty index level-1,-2 
and -3 respectively and V is the value of total vibration. 
4.1.3 Experiment 3 (STUDY-3) 
The effect of gender on human performance in a cognitive task under 
different difficulty indices at varying levels of vehicular vibration in the HIGHWAY 
DRIVING ENVIRONMENT was investigated in the present study. Details of the 
study were as follows: 
4.1.3.1 Method 
Fourteen subjects (7 males and 7 females) were selected, after excluding 
those subjects who participated in the previous two studies, (study-1 & study-2) from 
the planned pool of subjects to participate in the present study. The age of the subjects 
varied from 22 y to 27 y (mean = 23.4 y; SD = ± 3.7 y) and the height was in the 
range of 160 cm to 173 cm ( mean = 164.2 cm; SD = ± 5.45). The mean weight of the 
subject was 60.3 kg (SD = ± 3.36 kg). All the subjects had normal vision and none of 
the subjects had any previous history of neuromuscular disorders. The experimental 
procedure adopted in the previous two studies was followed in this study also. All the 
experimental sessions were conducted between 0900 and 1400 hrs. 
4.1.3.2 Result 
Subjects committed negligible errors (less than 5%) in performing 
experimental task. The reaction time taken by the subjects was measured through an 
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electronic system which was specifically designed for the purpose The individual and 
mean levels of human reaction time in milliseconds for both males and females were 
obtained as presented in Appendix H The overall means of human reaction time in 
milliseconds for both males and females under different combinations of treatment 
are presented in Table 4 13 1 
Table 4.1.3.1 Mean reaction time (in miliiseconds) at diflerent levels of 
difficulty index at all the four power average levels of vibration 
in a highway driving environment (Study-3). 
Sex 
Male 
Female 
Reaction Time (inms)at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
471 42 618 42 843 14 
496 71 610 85 798 28 
Power Average of 
Vibration Level-2 
(Total Vib 0 94 m/s^) 
Difficulty Index 
1 2 3 
528 71 597 14 734 0 
515 85 63128 722 71 
Power Average of 
Vibration Level-3 
(Total Vib 1 82 m/s^) 
Difficulty Index 
1 2 3 
585 28 647 85 803 85 
582 71 656 57 797 57 
Power Average of 
Vibration Level-4 
(Total Vib 2 66 m/s^) 
Difficulty Index 
1 2 3 
739 0 895 57 958 71 
729 42 888 00 963 57 
From the table, it was found that when the task was performed at 
difficulty index level-1 the reaction time values increased with the increase in 
vibration level for both male and female subjects For the choice reaction type of task 
(level-2) the reaction time values increased with the increase in level of vehicular 
vibration for both sex except at no vibration condition (level-1) for male subjects 
where it was found to be more than that obtained at level-2 (0 94 m/s^ ) of vibration 
The reaction time values for the task at difficulty index level -3 were also observed to 
increase with the increase in vibration level except at level -1 (no vibration condition) 
of vibration where the values were found to be more than that obtained at level -2 
(0 94 m/s^ ) of vibration for both sex 
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A 2 (sex) X 4 (power average of vibration level) x 3 (level of difficulty 
index) factorial design with repeated measures on the last two factors was employed 
for the analysis of variance. The F-ratios were computed and has been summarised in 
Table 4.1.3.2. Results indicated that the effect of sex in the cognitive tasks involving 
three levels of difficulty index was statistically non-significant (F<1; NS). Thus it was 
found that in the cognitive tasks performed in highway driving, reaction time was 
independent of the sex of the operator while the power average of vibration level and 
difficulty index were found to be significant (F (3,36) = 2.89, p < 0.05 ; F (2,24) = 
Table 4.1.3.2 Summary of the analysis of variance pertaining to the effect of sex 
on human performance when operators performed the cognitive 
task in a highway driving environment under varying levels of 
vehicular vibration (Study-3). 
Source of variation 
Between subjects 
A(Sex) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
SS 
15203.73 
257.52 
14946.21 
3554928.17 
1536155.71 
894.86 
58034.27 
1707517.36 
3314.73 
22026.08 
120110.83 
11152.03 
95722.3 
df 
13 
1 
12 
154 
3 
3 
36 
2 
2 
24 
6 
6 
72 
MS 
1169.51 
257.52 
1245 51 
23083.95 
512051.90 
298.28 
1612.06 
853758.68 
1657 36 
917.75 
20018.47 
1858.67 
1329.47 
F 
0 207 
317 63* 
0 185 
930 27* 
180 
15.06* 
1.39 
*p < 0.05 
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3.4, p < 0.05). Thus it was found that the power average of vibration level and 
difficulty index had significant effect on cognitive performance. The interaction of 
sex with power average of vibration level and interaction of sex with difficulty index 
(F (3,36) < 1 NS ; F (2,24) = 1.80, NS) were statistically non-significant. However 
the factor, vehicular vibration was found to interact significantly with difficulty index 
(F (6,72) = 2.2; p< 0.05) indicating thereby that in the highway driving, power 
average of vibration investigations. The significant interaction of power average of 
vibration level does have an effect on human performance under different difficulty 
indices considered in the present set of investigations. The significant interaction of 
power average of vibration level with difficulty index has further necessitated the 
Table 4.1.3.3. Summary of the analysis of simple main efTects when subjects 
performed the cognitive task at varying levels of difficulty 
index under varying power average levels of vibration in a 
highway driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci(Difficulty index-1) 
At C2(Difficuhy index-2) 
At C3(Difficulty index-3) 
278054.10 
404462.10 
1875796.70 
Error term =1130.89 
3 
3 
3 
92684.70 81.95* 
134820.70 119.20* 
625265.56 552.89* 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 490646.38 
At B2 (Power average of vibration level-2) 157555.14 
At B3 (Power average of vibration level-3) 428234.66 
At B4 (Power average of vibration level 4) 333258.66 
2 
2 
2 
2 
245323.19 337.21* 
78777.57 108.28* 
214117.33 294.31* 
166629.33 229.04* 
Error term = 727.50 
*p < 0.05 
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analysis of simple main effect and has been summarised in Table 4.1.3.3. From the 
analysis of variance (Table 4.1.3.2), it was also found that the interaaion effect of sex 
X power average of vibration level x difficulty index was non-significant ( F = 1.39; 
NS). The results of the analysis (Table 4,1.3.3) indicated that the power average of 
vibration level was statistically significant at all the three levels of difficulty index. 
The same was also true in case of difficulty indices under all the levels of power 
average of vibration considered in the study. 
In the next phase of the analysis, mean levels of reaction time (in ms) 
of the operators were computed for different levels of difficulty index for varying 
power average levels of vibration as shown in Table 4.1.3.4. Through the regression 
analysis, the relationship between the reaction time and the difficulty index level 
Table 4.1.3.4 Mean reaction time (in milliseconds) pooled over males and 
females at diflerent difilculty index levels under varying power 
average levels of vehicular vibration (Study 3). 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
V, (0 .00) 
V2(0.94) 
V3(1.82) 
V4 (2.66 ) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 3 
484.07 614.64 820.71 
522.28 614.21 728.35 
583.92 652.21 800.71 
734.21 891.78 961.14 
and the reaction time and the power average of vibration level were explored and 
found to be linear in nature. The reaction time models for varying power average levels 
of vibration (Figure 4.1.3.1) were obtained as follows; 
(i) For power average of vibration level -1 (no vibration condition) 
RTvi =303.16+168.32 0 4.1.3.1 
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Figure 4.1.3.1 Mean reaction time pooled over male and female subjects as a 
function of the difficulty index level for varying power average 
levels of vibration in a highway driving environment (Study -3). 
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Figure 4.1.3.2 Mean reaction time pooled over male and female subjects as a 
function of total vibration (m/s') for varying levels of difficulty index 
in a highway driving environment (Study-3). 
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(ii) For power average of vibration level -2 (total vibration 0 94 m/s^) 
RTv2 = 415 54 + 103 03 0 4 132 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s^) 
RTv3 = 462 15 + 108 39 0 4 133 
(iv) For power average of vibration level -4 (total vibration 2 66 m/s^) 
RTv4 = 635 44+113 46 0 4 134 
where RTvi, RTv2, RTvs and RTv4 represent the reaction time at power average of 
vibration level -1, -2, -3 and -4 respectively and D represents the level of difficulty 
index 
The reaction time models for varying difficuhy index levels (Figure 
4 13 2) were obtained as follows 
(i) For difficuhy index level -1 
RTDI = 457 95 + 90 89 V 4 13 5 
(ii) For difficulty mdex level -2 
RTD2 = 562 34 + 96 57 V 4 13 6 
(iii) For difficuhy index level -3 
RTD3 = 754 48 + 54 05 V 4 13 7 
where RTDI, RTD2, and RTD3 represent reaction time at difficulty index level -1,-2 
and -3 respectively and V is the value of total vibration 
4.1.4 Discussion and Conclusions 
Resuhs of the present set of studies indicated that males and females are 
equally efficient in performing cognitive task under the influence of vehicular 
vibration when driving in the 'cityway' 'rural road' and 'highway' environments 
Human response time (reaction time) was used to measure his/her driving 
performance and constituted the dependent variable The reaction time was measured 
in milliseconds through an electronic system fabricated and designed specifically for 
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this purpose From the resuks, it was observed that males and females, statistically 
did not differ significantly in their performance while performing simple and choice 
reaction type of tasks under the impact of power average of vibration level when they 
performed driving in different independent environments i.e. in the cityway, rural 
road and highway kind of driving. 
From the literature reviewed, it was observed that either no or very few 
investigations have been carried out in the past on such a specific topic and especially 
on the effect of sex on cognitive performance in a driving environment and therefore 
one has to look for other studies which investigated the effect of sex on human 
performance in general. Driving is an operation which requires mental alertness 
during all the time of driving and involves quick movement time and decision time, 
each of which plays an important role so far as the safe driving is concerned. When 
viewed in this context, present finding is supported by various investigators when 
they investigated the effect of sex on human performance in the tasks related to hand 
movement. Fairweather and Hult (1972) had reported that adult males and females 
performed equally well in a choice reaction type of task. While males possessed more 
muscular strength compared to females (McGuinnes, 1976) and were faster in 
movement time (Landauer et al., 1980) females were found to be superior to males in 
their cognitive performance (Carlson, 1990). As a result, the difference in decision 
time and movement time of the choice reaction time can be expected to be nullifying 
each other in the two cases of males and females. This might have led to the absence 
of sex related differences in the human performance so far as the driving was 
concerned. When males were compared anthropometrically to females, it was found 
that the arm and forearm lengths both were longer in males. No significant 
differences were found in the neck, back, shoulder or elbow angles. According to 
Chang et al. (1992) males had a larger coefficient of variation in shoulder variation 
than females but females have a significantly larger coefficient of variation. Similar 
findings in terms of body twist for males and females were reported indicating no 
significant differences between men and women (Hansson et al., 1992). These studies 
thus provided a support to the findings of the present studies which concluded that 
males and females are equally efficient in their driving performance under varying 
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levels of vehicular vibrations in the three situations of the cityway, rural road and 
highway environments of driving 
Another finding of the present study was that vehicular vibration 
significantly affected human performance in cityway and highway driving while it 
was non-significant in rural road driving In the two studies conducted on cityway and 
highway the cognitive performance was dependent upon vehicular vibrations induced 
in humans during driving whereas the performance remained unaffected when the 
task was undertaken in case of the rural road driving environment 
With regard to specific intensities there was agreement amongst 
investigators, that for a given vibration spectrum, performance got progressively 
degraded as the level of vibration increased above a threshold level (e g Obome, 
1986) The threshold level, however, was extremely variable and depended amongst 
other factors on the type of task (primarily its difFicuhy) and on the operator's 
motivation and work load Various studies conducted to investigate the effect of 
vibration on the information processing capabilities of operators demonstrated either 
no effect at all or no consistent effect due to vibration (Grether, 1971) According to 
Shoenberger (1974) the degradation in performance might occur due to the 
difficulties in the perception of the stimulus due to vibration Poulton (1978), 
however, disagreed with the findings and instead argued that vibration could play 
positive effect on vigilance Zepler et al (1973), reported experiments carried out by 
different researchers One of these experiments investigated the change in visual 
acuity when viewing an object vibrating in the frequency range 5-40 Hz It was found 
that errors increased with both increasing vibration frequency and vibration 
amplitude Another experiment investigated the frequency effect of dual frequency 
vibration with components in the range 3-20 Hz The error score with dual frequency 
vibration was found to be greater than that for the lower frequency component alone 
Lovesey (1971) reported adverse control accuracy when positioning a target in the 
presence of vibration These researches demonstrated that the presence of vibration 
could affect human performance significantly though some studies have also reported 
no effect of vibration (Schmitz (1959), Buckhout (1964), Holland (1967), Parks 
(1961) etc ) In the present study the non-significant effect of vibration might have 
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been observed due to the fact that extra mental efforts were required in performing 
the task in rural roads environment of driving. This argument got supported by the 
study carried out by Poulton (1978) who investigated the vigilance task in presence of 
vibration. 
Another important finding of the present study was that the difficulty 
index was significant in all the three i.e. cityway, rural road and highway 
environments of driving In this context resuhs of some of the previous studies could 
be discussed For example Fell (1976) showed that 45.7 percent accidents occurred 
due to definite involvement in recognition errors while 59.6 percent occurred due to 
definite or probable involvement in recognition errors The results of another study 
(Malaterre, 1990) in which 72 accidents involving 115 drivers and pedestrians were 
analysed showed that accidents happened around 12% of the time because of the 
driver's failures in adequate decision making Summala (1981) summarised a series 
of studies in which un-obtrusive measurements were made of the steering response 
of drivers to roadside stimuli The resuhs showed that the evasive response started in 
no case until more than 1 sec had passed from the onset of the stimulus Solvic et al 
(1988) reviewed the decision making process and argued that it was a complex 
process by which people evaluated alternatives and selected a course of action 
Wickens (1984) distinguished decision making from choice reaction time in that 
typical decision- making situations had a relatively long time frame in which to make 
a choice compared with the case of a choice reaction time Casali and Wierwille 
(1984) in summarising previous studies on the sensitivity of various measures of 
work load on perceptual, mediation, communication and motor tasks, found that the 
time estimation was the most sensitive secondary measure for all four types of tasks 
In view of the above presented discussion and the findings of the 
present set of studies, following conclusions are drawn: 
1. There appears to be no gender effect in the driving environment of cityway, 
rural road and highway when observed under the impact of vehicular 
vibration 
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2 The power average of vibration level is found to be affecting human 
performance in the cityway and highway environments of driving whereas its 
effect was statistically non-significant in the rural-road kind of driving 
3 The difficulty index was found to be affecting human performance implying 
the need for new and better designs of information stimuli to be presented to 
the operator 
4.2 Effect of Age on Human Performance 
In the present set of studies three experiments were conducted to 
explore the effect of one of the most important organismic variables, age, on human 
performance under the impact of vehicular vibration in the driving environment 
Details of these investigations are given below 
4.2.0 Purpose 
The saying that "if it moves, it probably vibrates" is true in all the fields 
of transportation Be it a car, a truck, the train, an aeroplane or a boat, their occupants 
are subjected to vibration whatever be the degree of vibration ( McCormick, 1993) 
To study the transportation vibration becomes all the more important because a large 
number of world population is using varieties of vehicles as a means of transport The 
low frequency vibration produced by vehicles can be extremely severe, depending 
upon the terrain and the speed of travel (Fairley, 1995) In order to reduce the health 
risks to the driver and to reduce the discomfort experienced and to enable the driver 
to work more quickly, it is important to isolate the driver from the vibration as much 
as possible (Fairley , 1995) Literature reviewed on the topic of vibration showed that 
either no or few studies have been conducted in the past on the topic of aging in the 
context of vibration exposure during driving Keeping this in view present set of 
study was designed to investigate if age was a significant factor in driving in the 
context of exposure to vibration It also investigated how the age interacts with 
different levels of difficulties encountered while performing the task Another 
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objective of this study was to examine whether or not the vehicular vibration was a 
significant factor in human driving performance. 
In light of the above objectives, following null hypotheses were 
structured: 
1. Adults and old persons do not differ in their performance under the impact of 
vehicular vibration during driving on a cityway, rural road and highway. 
2. Varying power average levels of vibration do not have different effects on 
human performance in the kind of task considered. 
3. Varying levels of difficulty index in a cognitive task requires same amount of 
reaction time while driving in cityway rural road and highway environments 
of driving. 
4.2.1 Experiment 1 (STUDY-4) 
In the present set of experiments, cognitive performance under the 
impact of aging of operators in different age groups was investigated at varying levels 
of difficulty index in a driving environment of cityway type. Details of the 
experiment were as follows: 
4.2.1.1 Method 
Twenty eight male subjects at four age levels (20-30 y; 30-40 y; 40-50 y; 
50-60 y) with seven subjects in each category were selected from the already detailed 
pool of potential subjects after eliminating those who had participated in the previous 
set of studies All the subjects had normal vision with no history of neuromuscular 
disorder. 
The experimental procedure for this study was the same as that followed 
in the previous study. All the experimental sessions were conducted in the morning 
hours between 0900 to 1400 hrs. 
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4.2.1.2 Result 
In this experiment also, the reaction time was measured with the 
specially designed electronic time measuring system in milliseconds. The individual 
and mean human reaction time with their respective deviations for all the four age 
levels under different treatment combinations were computed as presented in 
Appendix I. The mean human reaction time values for the four age levels has been 
reproduced in the Table 4.2 1 1 From the Table 4.2 1 1, the reaction time values for 
age level-1 (20-30 y) were observed to be decreasing with the increase in the level of 
vibration except at level -1 (zero vibration condition) of vibration where the values 
were less than that obtained at level -4 (2.66 m/s^) of vibration , when the task was 
Table 4.2.1.1 Mean reaction time (in milliseconds) for the four age levels at 
varying levels of difficulty index under different power average 
levels of vehicular vibration (Study-4). 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Age 
Levels 
(year) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Power Average of 
Vibration Level-2 
(Total Vib. 0.94 m/s^) 
Power Average of 
Vibration Level-3 
(Total Vib. 1.82 m/s^) 
Power Average of 
Vibration Level-4 
(Total Vib. 2 66 m/s^) 
Difficulty Index 
1 2 3 
Difficulty Index 
1 2 3 
Difficulty Index 
1 2 3 
Difficulty Index 
1 2 3 
Level-1 553.14 602 28 677.71 
(20-30) 
Level-2 530.14 645.42 863.14 
(30-40) 
Level-3 
(40-50) 
Level-4 
(50-60) 
760.14 817.85 881.42 
797.85 92CL14-997.42 
610.71 734 14 814.28 
635.57 744.85 839.71 
619.85 774.57 935.14 
799.14 923.42 971.28 
588.71 705.28 799 85 
639.71 747.00 803.85 
678.71 792.43 927.28 
767.14 83171 911.85 
566.14 673 14 835 42 
638.00 811.71 909.85 
663.71 814.42 918 28 
811.85 914.57 1020 8 
•( Ace. No )H 
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executed with level -1 and -2 of difficulty index. For the choice reaction type of task 
(level -3 of difficulty) the values of reaction time increased up to level -2 (0.94 m/s^ ) 
of vibration, then decreased slightly at level -3 (1.82 m/s^ ) and then again increased 
at level -4 (2.66 m/s^  )of vibration. The reaction time values for age Level -2 (30-40 
y) at difficulty index level-1 increased up to level -2 (0.94 m/s ) of vibration and 
remained almost same at the other two levels (level-3 and -4). However for difficulty 
index level -2 of the task, the reaction time values were found to increase at all levels 
of vibration. When the task was performed at level -3 of difficulty, the reaction time 
values decreased with the increase in vibration level but observed to be maximum at 
level -4 (2.66 m/s^ ) of vibration for age level-2 (30-40 y). For age level-3 (40-50 y), 
the reaction time in executing the simple task (level-1 of difficulty) was more at level-
1 (no vibration) of vibration than that obtained at level-2 (0.94 m/s^ ) of vibration. The 
reaction time increased again at level-3 (1.82 m/s^) and then found to decrease at 
level-4 (2.66 m/s^ ) of vibration. The reaction time values for age level-3 (40-50 y), 
when the choice reaction type of task at level-2 of difficulty was performed, were 
observed to be increasing at all levels of vibration except at vibration level-1 (zero 
vibration condition) where the value was found to be slightly more than that obtained 
at level -4 (2.66 m/s^ ) of vibration. The task performed at level-3 of difficulty resulted 
in the decrease in reaction time values with the increase in level of vibration except at 
level-1 (no vibration) of vibration where it was less than that obtained at level -4 
(2.66 m/s^) of vibration for age level -3. For age level-4 (50-60 y) when the task was 
done at difficulty index level -1 and -2 the reaction time values remained almost same 
at level-1 (no vibration condition) and level-2 (0.94 m/s^ ) of vibrations and decreased 
at level -3 (1.82 m/s^ ) of vibration and then observed to increase at level-4 (2.66 m/s ) 
of vibration. During the execution of task at difficulty index level-3 the values of 
reaction time decreased with the increase in vibration level except at level-4 (2.66 
m/s ) of vibration where the value was more than that obtained at level-1 (no 
vibration) of vibration. 
A 4 (age level) x 4 (power average of vibration level) x 3 (level of 
difficulty index) factorial analysis was employed and the F-ratios were computed as 
presented in the ANOVA summary shown in Table 4.2.1.2. On the basis of this 
analysis the main effect of age was found to be statistically significant (F (3,24) = 3.4, 
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p<0 05) which indicated that in a cognitive task, the human response time was 
dependent on the age of the subject The power average of vibration level (F (3,72) = 
Table 4.2.1.2 Summary of the analysis of variance for reaction time (in 
milliseconds) when subjects performed the cognitive task under 
varying power average levels of vibration in a city-way driving 
environment (Study-4). 
Source of variation 
Between subjects 
A (Age) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
SS 
2611666 9 
20522912 
559375 7 
4596058 40 
99153 1 
276208 1 
485579 2 
2599849 6 
38036 0 
211082 1 
41839 1 
172417 3 
671893 9 
df 
27 
3 
24 
308 
3 
9 
72 
2 
6 
48 
6 
18 
144 
MS 
967283 95 
684097 00 
23307 30 
14922 26 
33051 00 
30689 70 
6744 15 
1299924 8 
6339 34 
4397 50 
6973 18 
9578 73 
4665 92 
F 
29 35* 
4 9* 
4 55* 
295 6* 
144 
149 
2 05* 
*p < 0 05 
2 74, p<0 05), the difficulty index (F (2,48) = 3 19, p<0 05), the interaction of age 
and vibration level (F (9,72) = 2 02, p<0 05) and second order interaction viz age x 
vibration level x difficulty index ( F(18,144)= 1 69, p<0 05) all emerged to be 
statistically significant However the interaction of age and difficuhy index (F (6,48) 
= 1 44, NS) and vibration level and difficulty index (F (6,144) = 1 49, NS) were 
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found to be statistically non-significant The second order interaction thus found 
significant necessitated the analysis of simple main effect for the first order 
interactions. .The.analysis of simple niaiji effects when subjects of varying age levels 
performed the task under different power average levels of vibrations (Table 4.2.1.3) 
indicated that age level was statistically significant at all the four power average 
levels of vibration. The power average of vibration level for age level -1 and -2 (20-
30 y and 30-40 y) was also found to be statistically significant. However for age 
level -3 and -4 (40-50 y and 50-60 y) the power average of vibration level was found 
to be statistically non-significant. 
Table 4.2.1.3 Summary of the analysis of simple main effects when subjects of 
varying age levels performed the cognitive task under varying 
power average levels of vibration in a cityway driving 
environment. 
Source of variation 
A (Age level) at 
Bi (Power average of vibration level-1) 
B2 (Power average of vibration level-2) 
B3 (Power average of vibration level-3) 
B4 (Power average of vibration level-4) 
SS 
342645.6 
1203597.8 
759834.9 
1595610.7 
Error term - 61646.3 
B (Power average of vibration level) at 
Ai (Age level-1) 
A2 (Age level-2) 
A3 (Age level-3) 
A4 (Age level-4) 
465773.4 
363653.5 
59094.1 
237562.6 
Error term = 33089.9 
df 
3 
3 
3 
3 
3 
3 
3 
3 
MS 
114215.5 
401199.2 
253278.3 
531870.2 
155257.8 
121217.8 
19698.0 
79187.5 
F 
18.5* 
6.5* 
4.1* 
8.6* 
4.69* 
3.66* 
0.59 
2.39 
*p< 0.05 
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The analysis of simple main effects when subjects of varying age 
levels performed the task at three levels of difficulty (Table 4 2 14) revealed that age 
Table 4.2.1.4 Summary of the analysis of simple main effects when subjects of 
varying age levels performed the task at different levels of 
difficulty index in a cityway driving environment. 
Source of variation 
A (Age level) at 
Ci (Difficulty index level-1) 
C2 (DifFiculty index level-2) 
C3 (DifFiculty index level-3) 
C (Difficulty index) at 
Ai (Age level-1) 
A2 (Age level-2) 
A3 (Age level-3) 
A4 (Age level-4) 
SS 
3033986 5 
3014338 6 
2312983 0 
Error term = 82195 14 
2290315 1 
3316209 2 
3090949 2 
1854069 4 
Error term = 24562 3 
df 
3 
3 
3 
2 
2 
2 
2 
MS 
1011328 8 
1004779 5 
770994 3 
1145157 5 
1658104 5 
1545474 6 
927034 7 
F 
123* 
12 2* 
9 3* 
46 6* 
67 5* 
62 9* 
37 7* 
*p < 0 05 
level for simple reaction type of task (difficulty index level-1) and for choice reaction 
type of tasks (difficulty index level -2 and -3) was statistically significant The 
difficulty index level at all the four levels of age was also found to be statistically 
significant 
The results of the main effect analysis when the task was carried out at 
three levels of difficuhy index under varying power average levels of vibration 
SI 
Table 4.2.l.S Summary of the analysis of simple main effects when subjects 
performed the cognitive task at varying levels of difllculty under 
varying power average levels of vibration in a cityway driving 
environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci(Difficulty index-1) 
At C2(Difficulty index-2) 
At CsCDifficulty index-3) 
6056 2 
246473.5 
311439.6 
Error term = 44119.9 
2018 66 0 04 
82157.80 1.86 
103813.20 2.35 
2 1068167 1 43 3* 
2 14118413 57 4* 
2 1034472 7 42 1* 
2 1768896 2 72* 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 2136334.20 
At B2 (Power average of vibration level-2) 2823682 70 
At B3 (Power average of vibration level-3) 2068945.51 
At B4 (Power average of vibration level 4) 3537792.42 
Error term = 24562.3 
*p < 0.05 
indicated that power average level of vibration was statistically non-significant at all 
the three levels of difficuhy while the difficulty index for all the four power average 
levels of vibration was found to be statistically significant (Table 4.2 1 5), 
Relationship between human reaction time and difficulty index at 
varying power average levels of vibration employed in this study under the impact of 
aging of operator was studied by using the mean values of reaction time presented in 
Table 4.2.1.6. 
Reaction time functions involving difficulty index level for varying 
power average levels of vibration and those involving power average of vibration 
level for difTerent levels of difficulty index were established by employing the 
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Table 4.2.1.6 Mean reaction time (in milliseconds) pooled over the four age 
levels of subjects at diflerent difficulty indices under varying 
power average levels of vibration in a cityway driving 
environment. 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
Vi ( 0 00 ) 
Vz (0 94 ) 
V3 ( 1 82 ) 
V4 (2 66 ) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 
660 32 743 21 
666 32 794 25 
668 57 769 10 
669 92 803 46 
3 
854 92 
890 10 
860 71 
921 10 
regression analysis technique and the curves of best fit were obtained (Figure 4 2 11 
and 4 2 12) The reaction time models were also obtained for power average of 
vibration level and difficulty index under varying levels of age (Figure 4 2 13 and 
4 2 14) and also for those involving age levels under varying levels of power average 
of vibration level and difficulty index levels (Figure 4 2 15 and Figure 4 2 16) 
Human performance models indicated a linearly varying pattern of reaction time (in 
milliseconds) with the difficulty index levels (Figure 4 2 11) and also with the power 
average of vibration level (Figure 4 2 12) Mean reaction time values for the four age 
levels were also computed as shown in Table 4 2 17 and 4 2 18 
On similar lines human reaction time under different power average 
levels of vibration, difficulty index levels and age levels were plotted as shown in 
Figures 4 2 1 3 to 4 2 1 6 The graph between reaction time and power average of 
vibration level (Figure 4 2 13) for varying levels of age was found to be linear in 
nature while the graph between reaction time and age (Figure 4 2 16) for varying 
levels of difficulty index was found to be varying exponentially However, the graph 
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Figure 4.2.1.1 Mean reaction time pooled over four levels of age as a function of 
difficulty index level for varying power average levels of vibration 
in a cityway driving environment (Study-4). 
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Figure 4.2.1.2 Mean reaction time pooled over four levels of age as a function of 
total vibration (m/s*) for varying levels of difTiculty index in a 
cityway driving oivironment (Study-4). 
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Table 4.2.1.7 Mean reaction time (in milliseconds) for the four age levels of 
subjects at varying power average levels of vibration in a 
cityway driving environment. 
Subjects Age 
Level 
(year) 
Level-1 (20-30) 
Level-2 (30-40) 
Level-3 (40-50) 
Level-4 (50-60) 
Level-1 
Reaction Time (in ms) at varying 
power average levels of vibration 
Power Average of Vibration Level 
Level-2 
(No vibration) (0.94 m/s^) 
606.75 
679.56 
824.56 
905.13 
719.71 
740.04 
776.51 
897.94 
Level-3 
(1.82 m/s^) 
697.94 
730.18 
799.47 
836.90 
Level-4 
(2.66 m/s )^ 
69156 
786 52 
798.80 
915.75 
Table 4.2.1.8 Mean reaction time (in milliseconds) for the four age levels of 
subjects at varying levels of difliculty index in a cityway driving 
environment. 
Subjects Age 
Level 
(year) 
Level-1 (20-30) 
Level-2 (30-40) 
Level-3 (40-50) 
Level-4 (50-60) 
Reaction Time (in ms) at varying 
levels 
1 
579.67 
610.85 
680.60 
793.99 
of difficulty (1,2 
Difficulty Index 
2 
675.49 
737.24 
799.81 
897.46 
& 3) 
3 
781.81 
854.13 
919.10 
975.35 
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Figure 4.2.1.3 Mean reaction time pooled over three levels of difficulty index as 
a function of total vibration (m/s^ ) for varying levels of age in a 
cityway driving environment (Study-4) 
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function of difficulty index for varying levels of age in a cityway 
driving environment (Study-4). 
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between reaction time and difficulty index for varying levels of age (Figure 4.2.1.4) 
and age versus varying levels of vibration (Figure 4.2.1.5) were found to be varying 
linearly. 
The linearly varying pattern of reaction time versus difficulty index 
level under different levels of vibration (Figure 4.2.1.1) is shown by reaction time 
models presented as follows. 
(i) For power average of vibration level-1 (zero vibration condition) 
RTvi = 558.21+97.3 D 4.2.1.1 
(ii) For power average of vibration level-2 (total vibration 0.94 m/s^) 
RTv2 = 559.77+111.89 D 4.2.1.2 
(iii) For power average of vibration level-3 (total vibration 1.82 m/s^) 
RTv3 = 546.97+125.59 D 4.2.1.3 
(iv) For power average of vibration level-4 (total vibration 2.66 m/s^) 
RTv4 = 658.52 + 3.1D 4.2.1.4 
where RTvi, RTyj, RTv3 and RTv4 represent reaction time at power average of 
vibration level -1,-2, -3 and -4 respectively and D represents the difficulty index. 
The governing equations for reaction time versus vibration level at 
different difficulty index levels were also obtained as given below. 
(i) For difficulty index level-1 
R T D I = 661.49+3.53 V 4.2.1.5 
(ii) For difficuhy index level -2 
RTD2= 753.53 +17.69 V 4.2.1.6 
(iii) For difficulty index -3 
RTD3 = 856.01 + 18.95 V 4.2.1.7 
where RTDI, RTDZ, and RTD3 represent reaction time at difficuhy index level -1,-2 
and -3 respectively and V is the value of total vibration. 
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The reaction time models involving power average of vibration level 
under different age levels (Figure 4 2 13) were as follows 
(i) For age level -1 (20-30 y) 
RTAI = 642 35 + 27.03 V 4 2 18 
(ii) For age level -2 (30-40 y) 
RTA2 = 686 37 +35.24 V 42 19 
(iii) For age level -3 (40-50 y) 
RTA3 = 808 5 8 - 6 4 5 V 4 2 110 
(iv) For age level -4 (50-60 y) 
RTA4 = 894 0 6 - 3 7 9 V 4 2 111 
where RTAI, RTA2, RTA3 and RTA4 represent age level -1, -2, -3 and -4 respectively 
and V is the value of total vibration 
The reaction time models involving difficulty index for different age 
levels (Figure 4 2 14) were obtained as presented below 
(i) For age level -1 (20-30 y) 
RTAI = 476 33 + 100 99 D 4 2 112 
(ii) For age level-2 (30-40 y) 
RTA2 = 4 8 9 66 + 1 2 2 D 4 2 113 
(iii) For age level -3 (40-50 y) 
RTA3 = 560 33 + 119 5 D 4 2 114 
(iv) For age level -4 (50-60 y) 
RTA4 = 706 33 + 91 D 42 115 
where RTAI , RTA2, RTAJ and RTA4 represent reaction time at age level -1,-2, -3 and -
4 respectively and D is the difficulty index 
The graph between reaction time and age levels (Figure 4 2 15) led to 
the following reaction time models 
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(i) For power average of vibration level -1 (no vibration condition) 
RTvi=493 + 104l9A 42 116 
(ii) For power average of vibration level -2 (total vibration 0 94 m/s^) 
RTv2 = 640 5 + 57 A 4 2 117 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s^) 
RTv3 = 644 + 48 59 A 42 118 
(iv) For power average of vibration level-4 (total vibration 2 66 m/s^) 
RTv4 = 626 5 + 68 4A 42 119 
where RTvi, RTv2, RTvs and RTv4 represent reaction time for power average of 
vibration level -1, -2, -3 and -4 and A represents age levels 
The reaction time models obtained from the reaction time versus age 
levels graph (Figure 4 2 16) were as follows 
(i) For difficulty index level -1 
RTDi = 507 81e°"' ' '^ 42 120 
(ii) For difficulty index level -2 
RTD2 = 61184 6°'^^* 42 121 
(iii) For difficulty index level -3 
RTD3 = 730 93e° °^^ 42 122 
where RTDI, RTm and RTD3 represent reaction time at difficulty index level-1,-2 
and -3 respectively and A is the age level 
4.2.2 Experiment 2 (STUDY-5) 
In the second experiment of the set, the investigations were carried out 
in a RURAL ROAD DRIVING ENVIRONMENT when subjects of varying age 
levels performed the task at different levels of difficulty index under varying power 
average levels of vibration The details of the experiment are presented as follows 
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4.2.2.1 Method 
After excluding all the subjects who participated in the previous studies, 
twenty eight subjects were selected to participate in this study. As in the preceding 
experiments subjects were divided into four age levels (20-30 y, 30-40 y, 40-50 y and 
50-60 y), each comprising of seven subjects. All the subjects selected had normal 
vision and none of them had any history of neuromuscular disorder. 
The experimental procedure for the present study was the same as that 
adopted in the previous study. All the experimental sessions were conducted in the 
morning between 0900 and 1400 hours. 
4.2.2.2 Result 
On lines, similar to the preceding studies, cognitive performance was 
measured in terms of reaction time (expressed in ms). The method that was employed 
to measure reaction time was same as that described in detail elsewhere (Chapter-Ill). 
The individual and mean reaction time values with respective standard deviations for 
different age levels under different treatment combinations were computed as 
presented in Appendix J. The mean reaction time values have also been presented in 
Table 4.2.2.1. From the table of mean values it can be observed that the reaction time 
values increased with the increase in power average of vibration level at every level 
of difficulty index for persons belonging to age level-l(20-30 y). However there was 
very slight increase in reaction time value from level-2 (0.94 m/s )^ to level-3 (1.82 
m/s^ ) of vibration when the task was performed at difificuhy index level-1. At age 
level-2 (30-40 y) also, the response time increased as the level of vibration went up at 
all the three levels of difficulty index except at level-2 (0 94 m/s )^ of vibration where 
the response time decreased slightly when the task was performed at difficulty index 
level-]. The reaction time values when the subjects of age level -3 and -4 (40-50 y 
and 50-60 ) performed the task at varying levels of difficulty were found to increase 
with the increase in vibration level, with the exception that the reaction time value at 
level-2 (0.94 m/s^ ) of vibration for persons of age level-4 (50-60 y) was less than that 
obtained at level-1 (no vibration position) of vibration when the task was performed 
at level-1 of difificuhy index. 
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Table 4.2.2.1 Mean reaction time (in milliseconds) for the four age levels at 
varying levels of difficulty index under different power average 
levels of vehicular vibration in a rural road driving environment 
(Study-5). 
Age 
Levels 
(year) 
Level-1 
(20-30) 
Level-2 
(30-40) 
Level-3 
(40-50) 
Level-4 
(50-60) 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
490 28 599 28 699 14 
645 28 763 57 795 42 
834 00 882 14 1060 2^ 
850 00 924 71 1014 85 
Power Average of 
Vibration Level-2 
(Total Vib 0 94m/s^) 
Difficulty Index 
1 2 3 
555 71 678 42 783 85 
642 14 795 57 929 71 
852 85 928 42 1069 4 
843 85 928 85 99142 
Power Average of 
Vibration Level-3 
(Total Vib 1 82 m/s^) 
Difficulty Index 
1 2 3 
565 57 679 28 86128 
740 42 902 85 979 28 
855 85 994 57 1102 14 
885 85 987 71 1112 28 
Power Average of 
Vibration Level-4 
(Total Vib 2 66m/s^) 
Difficulty Index 
1 2 3 
610 00 810 14 902 42 
798 28 907 14 1003 42 
907 14 1044 71 1140 85 
902 28 1023 28 11610 
The analysis of variance was performed on the 4 (age level) x 4 (power 
average of vibration level) x 3 (level of difficulty index) factorial design with 
repeated measures on the last two factors kind of experimental design Results of the 
analysis of variance summarised in Table 4 2 2 2 indicated that the main effects of 
age (F (3,24) = 3 01, p < 0 05), power average of vibration level (F (3,72) = 2 698, p< 
0 05) and difficulty index (F (2,48) = 3 198, p< 0 05) were statistically significant 
The interaction effects of age and power average of vibration level ( F (9,72) = 
2 024, p<0 05), age and difficulty index (F (6,48) = 2 304, p< 0 05), power average of 
vibration level and difficulty index (F (6,144) = 2 161, p< 0 05) and second order 
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Table 4.2.2.2 Summary of the analysis of variance for reaction time (in 
milliseconds) when subjects performed the cognitive task 
under varying power average levels of vibration in a rural 
road driving environment (Study-S). 
Source of variation 
Between subjects 
A (Age) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
SS 
4923166.1 
4694728.9 
228437.2 
4660994.7 
926942.8 
92025.4 
235944.5 
2879102.2 
40657.4 
105356.6 
43117.6 
91619.00 
246228.8 
df 
27 
3 
24 
308 
3 
9 
72 
2 
6 
48 
6 
18 
144 
MS 
182339.48 
1564909.6 
9518.22 
15133.09 
308980.93 
10225.04 
3277.00 
1439551.1 
6776.23 
2195.00 
7186.26 
5089.94 
1709.92 
F 
164.4* 
94.28* 
3.12* 
655.85* 
3.08* 
4.20* 
2.97* 
*p< 0.05 
interaction age x power average of vibration level x difficulty index (F (18,144) = 
1.6852, p<0.05) all emerged to be statistically significant. The significant second 
order interaction necessitated the analysis of simple main effects as shovm in Tables 
4.2.2.3 to 4.2.2.5. Results of the analysis of simple main effects (Table 4.2.2.3) 
showed that age level at all the four power average levels of vibration and power 
average of vibration level at all the four age levels were statistically significant when 
subjects of varying age levels performed the cognitive task under varying levels of 
vehicular vibrations. The analysis of simple main effects when subjects of varying 
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Table 4.2.2.3 Summary of the analysis of simple main effects when subjects of 
varying age levels performed the cognitive task under varying 
power average levels of vibration in a rural road driving 
environment. 
Source of variation SS df MS 
4935129 1 
3098698 9 
3498297 5 
2828148 3 
A (Age level) at 
Bi (Power average of vibration level-1) 
Bi (Power average of vibration level-2) 
B3 (Power average of vibration level-3) 
B4 (Power average of vibration level-4) 
Error term = 26267 8 
B (Power average of vibration level) at 
Ai (Age level-1) 
A2 (Age level-2) 
A3 (Age level-3) 
A4 (Age level-4) 
Error term = 9994 4 
3 
3 
3 
3 
1645043 0 62 6* 
1032899 3 39 3* 
1166095 8 44 4* 
942716 1 35 8^  
1024994 0 
1129253 0 
394030 3 
508627 8 
3 
3 
3 
3 
341664 6 
376417 6 
131343 4 
169542 6 
34 1* 
37 6* 
13 1* 
16 9* 
*p<0 05 
age levels performed the cognitive task at varying levels of difficulty (Table 4 2 2 4) 
found that age level at varying levels of difficulty was statistically significant The 
difficulty index level was also found to be statistically significant at all the four levels 
of age 
The analysis of simple main effects also showed that power average of 
vibration level at all the three levels of difficulty and difficuhy index at all the four 
levels of vibration were statistically significant when subjects of age level -1 and -2 
(Table 4 2 2 5 & Table 4 2 2 6) performed the cognitive task For age level -3 and ^ , 
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Table 4.2.2.4 Summary of the analysis of simple main effects when subjects of 
varying age levels performed the task at different levels of 
difficulty index in a rural road driving environment. 
Source of variation SS df MS 
A (Age level) at 
Ci (Difficulty index-1) 
C2 (Difficulty index -2) 
C3 (Difficulty index -3) 
C (Difficulty index) at 
Ai (Age level-1) 
A2 (Age level-2) 
A3 (Age level-3) 
A4 (Age level-4) 
7495379 3 3 
5627607 8 3 
5818558 0 3 
Error term =35023 8 
3683294 5 2 
2769658 2 2 
2998438 3 2 
2227647 2 2 
Error term = 11533 2 
2498459 7 713* 
1875869 2 53 5* 
1939519 3 55 3* 
1841647 2 159 6* 
1384829 1 120 0* 
1499219 1 129 9* 
1113823 6 96 5* 
'"p<0 05 
(Table 4 2 2 7 and 4 2 2 8) the power average of vibration level at difficulty index 
level -2 and -3 and difficulty index at all the four power average levels of 
vibration were statistically significant However, for power average of vibration at 
difficulty index level -1 was found to have a non-significant effect 
Table 4.2.2.5 Summary of the analysis of simple main effects when subjects of age 
level -1(20-30 y) performed the cognitive task at varying levels of 
difficulty index under varying power average levels of vibration in a 
rural road driving environment. 
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Source of variation 
B (Power average of vibration level) 
At Ci(Difficulty index-1) 
At CaCDifficulty index-2) 
At CsCDifflculty index-3) 
Error term = 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 
At B2 (Power average of vibration level-2) 
At B3 (Power average of vibration level-3) 
At B4 (Power average of vibration level 4) 
Error term = 
SS 
51272.10 
160295.28 
168943.25 
= 2869.07 
152772.09 
182520.66 
311504.38 
312872.66 
= 2826.12 
df 
3 
3 
3 
2 
2 
2 
2 
MS 
17090.70 
53431.76 
56314.40 
76386.04 
91260.33 
155752.19 
156436.33 
F 
5.95* 
18.62* 
19.62* 
27.02* 
32.29* 
55.11* 
55.35* 
*p<0.05 
Table 4.2.2.6 Summary of the analysis of simple main effects when subjects of 
age level -2(30-40 y) performed the cognitive task at varying 
levels of difHculty index under varying power average levels of 
vibration in a rural road driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci (Difficulty index level-1) 
At C2(Difficulty index level-2) 
At C3(DifFiculty index level-3) 
C (Difficulty index) 
122253.5 
113774.5 
181254.6 
3 40751.16 9.2* 
3 37924.83 8.56* 
3 60418.2 13.64* 
Error term = 4428.7 
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At Bi (Power average of vibration level-1) 2921959 2 
At B2 (Power average of vibration level-2) 3559293 1 
At B3 (Power average of vibration level-3) 4220410 8 
At B4 (Power average of vibration level 4) 4427922 4 
Error term = 8857 1 
*p<0 05 
2 1460979 5 164 9* 
2 1779646 5 200 9* 
2 2110205 4 238 2* 
2 22139612 249 9* 
Table 4.2.2.7 Summary of the analysis of simple main effects when subjects of 
age level -3(40-50 y) performed the cognitive task at varying 
levels of difficulty index under varying power average levels of 
vibration in a rural road driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci (Difficulty index level-1) 
At C2(Difficulty index ievel-2) 
At C3(Difficulty index level-3) 
Error term = 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 
At B2 (Power average of vibration level-2) 
At B3 (Power average of vibration level-3) 
At B4 (Power average of vibration level 4) 
Error term = 
*p<0 05 
20596 39 
107841 25 
27997 25 
2495 08 
198934 95 
169155 52 
213429 81 
193180 66 
3850 66 
3 
3 
3 
2 
2 
2 
2 
6865 5 
35947 0 
9332 4 
99467 4 
84577 7 
106714 9 
96590 3 
2 75 
14 4* 
3 74* 
25 8* 
21 96* 
27 7* 
25 08* 
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Table 4.2.2.8 Summary of the analysis of simple main effects when subjects of 
age level -4(50-60 y) performed the cognitive task at varying 
levels of difficuity index under varying power average levels of 
vibration in a rural road driving environment. 
Source of variation 
B (Power average of vibration level) 
At Ci(Difficulty index-1) 
At C2(Difficulty index-2) 
At CsCDifficuIty index-3) 
Error term = 
C (Difficulty index) 
At Bi (Power average of vibration level-!) 
At B2 (Power average of vibration level-2) 
At B3 (Power average of vibration level-3) 
At B4 (Power average of vibration level 4) 
Error term = 
SS 
16633 85 
47860 28 
134982 60 
3315 15 
95400 0 
76807 5 
180046 5 
234591 7 
1216 45 
df 
3 
3 
3 
2 
2 
2 
2 
MS 
5544 61 
15953 42 
44994 20 
47700 0 
38403 5 
90023 2 
117295 8 
F 
167 
481* 
13 57* 
39 2* 
31 5* 
74 0* 
96 42* 
*p<0 05 
Relationship between human reaction time and difficulty index level 
(level-1, -2, -3) at varying power average levels of vibration employed in this study 
under the impact of aging of subjects was mathematically explored through 
regression analysis by using the mean values of reaction time presented in Table 
4 2 2 9 On the basis of this analysis, curves of best fit were established 
Through regression analysis, reaction time functions involving 
difRculty index level for varying power average levels of vibration (Figure 42 2 1) 
and the power average level of vibration level for different levels of difficuhy index 
(Figure 4 2 2 2) were established and the best fit equations were obtained The models 
of reaction time were also obtained for power average of vibration level and difficulty 
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Figure 4,2.2.1 Mean reaction time pooled over four levels of age as a function of 
difiiculty index level for varying power average levels of vibration 
in a rural road driving environment (Study-5). 
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Figure 4.2.2.2 Mean reaction time pooled over four levels of age as a function of 
total vibration (m/s^) for varying levels of difficulty index in a 
rural road driving environment (Study-5). 
99 
Table 4.2.2.9 Mean reaction time (in milliseconds) pooled over the four levels 
of age of subjects at different difficulty indices under varying 
power average levels of vibration in a rural road driving 
environment. 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
Vi ( 0 00) 
V2 (0 94 ) 
V3( 1 82 ) 
V4 (2 66 ) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 3 
704 89 792 42 892 42 
723 64 832 82 943 60 
761 92 891 10 1013 75 
804 42 946 32 105192 
index under varying levels of age (Figure 4 2 2 3 and Figure 4 2 2 4) and age levels 
under varying power average levels of vibration and difficulty index level (Figure 
4 2 2 5 and Figure 4 2 2 6) The human performance model indicated a linearly 
varying pattern with the difficulty index level (Figure 4 2 2 1) and so was the case 
with power average of vibration level (Figure 4 2 2 2) Mean reaction times for the 
four levels of age were also computed as shown in Tables 4 2 2 7 and 4 2 2 8 
On similar lines human reaction time under varying levels of power 
average of vibration, difficulty index level and age level were plotted as shown in 
Figures 4 2 2 3 to 4 2 2 6 The graph between reaction time and power average of 
vibration level (Figure 4 2 2 3) for varying levels of age was linear in nature while 
the graph between reaction time and age level (Figure 4 2 2 6) was a power curve 
The graph between reaction time and difficulty index for varying levels of age 
(Figure 4 2 2 4) and age level for varying levels of vibration (Figure 4 2 1 5 ) were 
found to be varying exponentially and parabolically respectively 
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Figure 4.2.2.3 Mean reaction time pooled over three levels of difficulty index as 
a function of total vibration (m/s^ ) for varying levels of age in a rural 
road driving environment (Study-5). 
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Figure 4.2.2.4 Mean reaction time pooled over four power average levels of 
vibration as a function of difficulty index level for varying levels 
of age in a rural road driving environment (Study-5). 
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Figure 4.2.2.5 Mean reaction time pooled over three levels of difTiculty index as 
a function of age level for varying power average levels of 
vibration in a rural road driving environment (Study-5). 
1100 
1000-
900-
^^  o 
V 
CO 
E 
Y 800-
E 
o 700 
u 
o 
V 
600-
500-
400 
Figure 4.2.2.6 
1 T 3 "i 
Age Levels 
Mean reaction time pooled over four power average levels of 
vibration as a function of age level for varying levels of difficulty 
index in a rural road driving environment (Study-5). 
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Table 4.2.2.10 Mean reaction time (in milliseconds) for the four age levels of 
subjects at varying power average levels of vibration in a rural 
road driving environment. 
Subjects Age 
Level 
(year) 
Level-1 (20-30) 
Level-2 (30-40) 
Level-3 (40-50) 
Level-4 (50-60) 
Level-1 
Reaction Time (in ms) at varying 
power average levels of vibration 
Power Average of Vibration Level 
Level-2 
(No vibration) (0.94 m/s )^ 
596.23 
734.75 
925.47 
930.09 
672.66 
789.14 
950.23 
921.37 
Level-3 
(1.82 m/s^) 
702.04 
874.18 
984.18 
995.28 
Level-4 
(2.66 m/s^) 
774.18 
902.94 
1030.90 
1028.85 
Table 4.2.2.11 Mean reaction time (in milliseconds) for the four age levels of 
subjects at varying levels of difHcuIty index in a rural road 
driving environment. 
Subjects Age 
Level 
(year) 
Level-1 (20-30) 
Level-2 (30-40) 
Level-3 (40-50) 
Level-4 (50-60) 
Reaction Time (in ms' 
levels 
1 
555.39 
706.53 
862.49 
870.49 
of difficulty 
at varying 
(1,2 
Difficulty Index 
2 
691.00 
842.28 
962.46 
966.13 
& 3) 
3 
811.67 
926.95 
1093.17 
1070.06 
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A linearly varying pattern of reaction time versus difficulty index 
level under different levels of vibration (Figure 4 2 2 1) is represented by reaction 
time models obtained as given below 
(i) For power average of vibration level -1 (zero vibration condition) 
RTvi = 609 04 + 93 76 D 4 2 2 1 
(ii) For power average of vibration level -2 (total vibration 0 94 m/s^) 
RTv2 = 613 39+109 97 0 4 2 22 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s^) 
RTv3 = 637 09+125 9 1 0 42 2 3 
(iv) For power average of vibration level -4 (total vibration 2 66 m/s^) 
RTv4 = 686 72+123 75 0 42 24 
where RTvi, RTv2, RTv3, and RTv4 represent reaction time for power average of 
vibration level -1 -2, -3 and -4 respectively and D represents the difficulty index 
The governing equations for reaction time versus vibration level at 
different difficulty index levels are as follows 
(i) For difficulty index level -1 
RTD] =697 44 + 37 84 V 42 2 5 
(ii) For difficulty index level -2 
RTD2 = 786 32 + 58 55 V 4 2 2 6 
(iii) For difficulty index level -3 
RTD3 = 89147+ 6195 V 4 2 2 7 
where RTpi, RTD2, and RT03 represent reaction time at diflficuhy index level -1,-2 
and -3 respectively and V is the value of total vibration 
The reaction time models for varying power average levels of 
vibration under different age levels (Figure 4 2 2 3) were as follows 
(i) For age level -1 (20-30 y) 
RTAI = 545 + 56 4 V 4 2 2 8 
(ii) For age level -2 (30-40 y) 
RTA2 = 677 5 + 58 9 V 4 2 2 9 
(iii) For age level -3 (40-50 y) 
RTA3 = 885 + 34 9 V 4 2 2 10 
104 
(iv) For age level -4 (50-60 y) 
RTA4 = 876 5 + 36 79 V 42 211 
where RTAI, RTA2, RTA3 and RTA4 represent age level -1, -2, -3 and -4 
respectively and V is the value of total vibration 
The reaction time models for the graph between reaction time and 
difficulty index for different age levels (Figure 4.2 2.4) were as follows 
(i) For age level -1 (20-30 y) 
RTAI = 510 45 e°'^'^*° 4 2 2 1 2 
(ii) For age level -2 (30-40 y) 
RTA2 = 624 83 6°"'^^^'^ 4.2 213 
(iii) For age level -3 (40-50 y) 
RTA3 = 763 23 e ° "^ ' " ° 42 214 
(iv) For age level -4 (50-60 y) 
RTA4 = 784 80e°"'^^^ 42 2 15 
where RTAI, RTA2, RTA3 and RTA4 represent reaction time at age level -1,-2, -3 and 
-4 respectively and D is the difficulty index 
The graph between reaction time and age levels (Figure 4 2 2 5) has 
the following reaction time models 
(i) For power average of vibration level-1 (no vibration condition) 
RTvi = 594 66 A" ^ ^^^ 4 2 216 
(ii) For power average of vibration level -2 (total vibration 0 94 m/s^) 
RTv2 = 674 39A°^^^ '^* . . . 42 2 17 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s ) 
RTv3 = 713 44A°^^^' 4 2 2 1 8 
(iv) For power average of vibration level —4 (total vibration 2 66 m/s^) 
RTv4 = 778 08A°""'* 4 2 2 19 
where RTvi, RTv2, , RTv3 and RTv4 represent reaction time for power average of 
vibration level -1,-2, -3, and -4 and A represents age level 
The reaction time models obtained for the graph between reaction 
time and age levels (Figure 4 2 2 6) are as follows, 
(i) For difficulty index level -1 
RTDI = 5 5 9 1 4 A ° ' ^ ' ^ . . 42 220 
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(ii) For difficulty index level -2 
RTD2 = 888.64 A"""'^'* 4.2.2.21 
(iii) For difficulty index level -3 
RTD3 = 811.16 A°^^"' 4.2.2.22 
where RTDI, RTD2 and RTD3 represent reaction time at difficulty index level -1,-2 
and -3 respectively and A is the age level. 
4.2.3 Experiment 3 (STUDY-6) 
Present study differed from the previous experiment (Study-5) in the 
sense that the Study-5 involved rural road driving, the present study (Study-6) was 
undertaken to explore human performance in the highway environment of driving. 
The reaction time was measured when subjects of varying age levels performed the 
cognitive task under varying power average levels of vibration. The details of the 
experiment were as described below. 
4.2.3.1. Method 
Twenty eight subjects were selected from the already specified 
subject's pool (after excluding all those subjects who had taken part in previous 
studies) to participate in the study. As in the previous experiment, subjects were 
divided into four age-levels (20-30y, 30-40y, 40-50y and 50-60y), each consisting of 
seven subjects. All the subjects selected were having normal vision and none of the 
subject had previous history of neuromuscular disorder. 
The experimental procedure for the present study was the same as that 
adopted in the previous study. All the experimental sessions were conducted in the 
morning between 0900 and 1400 hours. 
4.2.3.2. Result 
Similar to the preceding studies the reaction time (expressed in ms) in a 
cognitive task was measured. An electronic time measuring unit was employed for 
the measurement of reaction time as described in the previous chapter (chapter HI). 
The individual and mean reaction time values with the corresponding standard 
deviations for different age groups under different treatment combinations were 
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computed as presented in Appendix K The mean reaction time values have also 
been presented in Table 4.2.3.1 
The reaction time for age level-1 (20-30 y) when the simple task 
(difficulty index level-1) was performed, increased with the increase in level of 
vibration except at level-1 (no vibration condition) of vibration where the value was 
more than that obtained at vibration level-2 (0.94 m/s^ )). For difficulty index level-2, 
the reaction time values showed increasing trend with the level of vibration. 
However at level-4 (2.66 m/s^ ) of vibration the value of reaction time obtained was 
less than that observed at level -3 (1.82 m/s^) of vibration. The reaction time values 
decreased at vibration level-2 (0.94 m/s^), then increased at level-3 (1.82 m/s^) of 
vibration and then again decreased at level-4 (2.66 m/s^ ) of vibration when the 
simple task (difficulty index level-1) was performed by subjects of age level-2 (30-
40 y). When the choice reaction type of task at difficulty index level-2 was carried 
out, the reaction time values increased with the increase in vibration level for age 
Table 4.2.3.1 Mean reaction time (in milliseconds) for the four age levels at 
varying levels of difficulty index under different power average 
levels of vehicular vibration in a highway driving environment 
(Study-6). 
Age 
Levels 
(year) 
Level-1 
(20-30) 
Level-2 
(30-40) 
Level-3 
(40-50) 
LeveI-4 
(50-60) 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
558.71 647.28 823.28 
607.42 686.85 747.42 
608.57 724.00 786.28 
721.00 817.42 893.71 
Power Average of 
Vibration Level-2 
(Total Vib. 0.94 m/s^) 
Difficulty Index 
1 2 3 
508.00 737.00 882.85 
591.42 750.42 831.42 
660.85 773.57 866.57 
772.14 870.42 908.42 
Power Average of 
Vibration Level-3 
(Total Vib. 1.82 m/s^) 
Difficulty Index 
1 2 3 
549.57 822.42 879.42 
713.57 776.71 829.00 
771.71 826.85 876.28 
783.71 857.85 924.71 
Power Average of 
Vibration Level-4 
(Total Vib. 2.66 m/s^) 
Difficulty Index 
1 2 3 
595.11 804.57 906.14 
689.71 777.42 875.28 
763.85 873.57 942.71 
755.57 909.00 1023 57 
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level-2 (30-40 y), however, the increase in reaction time value from vibration level-3 
(1.82 m/s^ ) to vibration level -4 ( 2 66 m/s^ ) was almost negligible. For choice 
reaction type of task at level-3, the reaction time values increased up to level-2 (0.94 
m/s^ ) of vibration, then decreased slightly and then again increased at level-4 (2.66 
m/s^ ) of vibration for age level-2 (30-40 y). For age level-3 (40-50 y), the execution 
of simple task resulted in the increase in reaction time values at all levels of 
vibration except at level-4 ( 2.66 m/s^ ) of vibration where the value was less then 
that obtained at level -3 (1.82 m/s^) of vibration. Also when the task was performed 
at difficulty index level -2 and -3 , the reaction time values were found to increase 
with the increase in vibration level for age level-3 (40-50 y). For age level-4 (50-60 
y), the reaction time values increased with vibration level when the simple task 
(difficulty index level-1) was performed. However at level-4 (2.66 m/s^ ) of 
vibration, the reaction time value was less than that obtained at level-3 (1.82 m/s^ ) of 
vibration. For choice reaction type of task at difficulty level-2, the reaction time 
values increased up to vibration level-2 (0.94 m/s^), decreased at level -3(1.82 m/s^  ) 
of vibration and then again increased at level -4 (2.66 m/s^ ) of vibration. When the 
task at Ievel-3 of difficuhy was performed, the reaction time values were shown to 
increase with the increase in level of vibration. 
The analysis of variance based on the 4 (age level) x 4 (power average 
of vibration level ) x 3 (level of difficulty) factorial design with repeated measures 
on the last two factors kind of experimental design was performed. Resuhs of 
the analysis of variance showed that the main effect of age was statistically non-
significant (F (3,24)<1; NS) implying that the cognitive performance was 
independent of the age of the subjects exposed to the varying levels of vehicular 
vibration in the environment of highway driving . The main effect of power average 
of vibration level (F (3,24) = 3.01 at p<0.05) and difficulty index (F(2,48) =3.198 at 
p<0.05) both were found to be statistically significant. The interaction effects of age 
with difficulty index (F (6,48) =2.304; p<0.05), age with power average of vibration 
level (F (9,72) = 2.024; p<0.05) and power average of vibration level with difSculty 
index (F (6,144) = 2.161; p<0.05) were all found to be statistically significant. The 
second order interaction age x power average of vibration level x difficulty index (F 
(18,144) = 1.685; p<0.05) was also found to be statistically significant. The second 
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Table 4.2L3JI Summaiy of the analysis of variance for reaction time (in 
milliseconds) when subjects performed cognitive task under 
varjring power average levels of vibration in a hi^way 
driving environment (Study-6). 
Source of variation 
Betweoi subjects 
A (Age) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficuhy index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
SS 
954328.9 
835303.0 
119025.5 
3932499.1 
556410.5 
51863.0 
160166.9 
2477285 3 
240247.6 
66073.45 
58272.5 
118026.6 
204153.5 
df 
27 
3 
24 
308 
3 
9 
72 
2 
6 
48 
6 
18 
144 
MS 
35345.51 
2784.34 
4959.4 
12767.85 
185470.00 
5762.50 
2224.54 
1238642.65 
40041.26 
1376.53 
9712.00 
6557.00 
1417.70 
F 
0.56 
83.37* 
23.3* 
899.8* 
29.09* 
6.85* 
4.62* 
•p< 0 05 
order significant interaction necessitated further analysis of the simple main effects 
(Table 4.2.3.3 to 4.2.3.5). 
The simple main effects analysis carried out for the subjects of 
varying age levels performing the task at varying levels of vehicular vibration (Table 
4.2.3.3) revealed that both age level at all the four power average levels of vibration 
and power average of vibration level at all the levels of age undertaken in the study 
were statistically significant. 
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Table 4.2.3.3 Summary of the analysis of simple main efTects when subjects of 
varying age levels performed the cognitive task under varying 
power average levels of vibration in a highway driving 
environment (Study-6). 
Source of variation 
A (Age level) at 
B] (Power average of vibration level-1) 
Ba (Power average of vibration lcvel-2) 
B3 (Power average of vibration level-3) 
B4 (Power average of vibration level-4) 
SS 
755025.5 
756999.4 
432653.5 
716820.5 
Error term = 15257.6 
B (Power average of vibration level) at 
Ai (Age level-1) 
A2 (Age level-2) 
A3 (Age level-3) 
A4 (Age level-4) 
325595.7 
411682.0 
860875.3 
226667.5 
Error term = 4480.2 
df 
3 
3 
3 
3 
3 
3 
3 
3 
MS 
251675.1 
252333.1 
144217.8 
238940.1 
108531.8 
137227.3 
286958.4 
75555.8 
F 
16.5* 
16.6* 
9.4* 
15.6* 
24.2* 
30.6* 
64.0* 
16.8* 
*p<0.05 
The analysis of simple main effects for subjects of varying age levels 
performing the task at three levels of difficulty (Table 4.2.3.4) found that age level at 
simple task (difficulty index level-1) as well as choice reaction type of task 
(difficulty index level-2 and-3) and difficulty index level at varying levels of age 
were statistically significant. The results of the simple main effects analysis (Table 
4.2.3.5) for subjects performing task at varying levels ofdifficulty under varying 
power average levels of vibration indicated that power average of vibration level at 
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Table 4.2.3.4 Summary of the analysis of simple main efTects when subjects of 
varying age levels performed the task at diflerent levds of 
difliculty index in a highway driving environment. 
Source of variation SS df MS 
A (Age level) at 
Ci (Difficulty index level -1) 
Cj (EKfficulty index level -2) 
Cj (Difficulty index level -3) 
C (Difficulty index) at 
Ai (Age level-1) 
A2 (Age level-2) 
A3 (Age level-3) 
A4 (Age level-4) 
2556590.0 
971412.8 
774200.8 
Error term = 20343.4 
5850455.1 
1634270.3 
157005.4 
1812400.3 
Error term = 4530.5 
852196.6 41.8* 
323804.2 15.9* 
258066.9 12.7* 
2925227.5 645.6* 
817135.1 180.3* 
786502.7 173.6* 
906200.1 200.0* 
•p<0.05 
three levels of difficulty index (level -1,-2 and -3) and difficulty index at four levels 
of vehicular vibration (level-1, -2, -3 and -4) were statistically significant. 
The regression analysis was carried out to study the relationship 
between human performance vis-a-vis difficulty index level (level -1, -2, -3) at 
different power average levels of vibration employed in the experiment under the 
impact of aging by using the mean values of reaction time presented in Table 
4.2.3.6. Curves of best fit were established on the basis of this analysis as shown in 
Figures 4.2.3.1 and 4.2.3.2. 
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Figure 4.2.3.1 Mean reaction time pooled over four levels of age as a function of 
difficulty index level for four power average levels of vibration in 
a highway driving environment (Study-6). 
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Figure 4.2.3.2 Mean reaction time pooled over four levels of age as a function of 
total vibration (m/s) for varying levels of difficulty index in a 
highway driving environment (Study-6). 
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Table 4.2.3.5 Summary of the analysis of simple main eflects when subjects 
performed the cognitive task at varying levels of difficulty 
under varying power average levels of vibration in a highway 
driving environment. 
Source of variation 
B (Power average of ^ abration level) 
At Ci(Difficulty index-1) 
At CjCDifficulty index-2) 
At C3(Diffjculty index-3) 
Error term = 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 
At B2 (Power average of vibration level-2) 
At B3 (Power average of vibration level-3) 
At B4 (Power average of vibration level 4) 
Error term = 
SS 
620854.9 
971925.4 
865952.1 
 5973.5 
1984540.6 
3272356.2 
1737532.3 
3147802.7 
 4530.5 
df 
3 
3 
3 
2 
2 
2 
2 
MS 
206951.6 
323975.1 
288650.7 
942270.3 
1636178.1 
868766.1 
1573901.3 
F 
34.6* 
54.2* 
48.3* 
219.0* 
361.1* 
191.7* 
347.4* 
•p<0.05 
Through regression analysis reaction time functions involving 
difficulty index level for varying power average levels of vibration (Figure 4.2.3.1) 
and the power average of vibration level for different levels of difficulty index 
(Figure 4.2.3.2) were obtained and the best fit equations were obtained The human 
performance model indicated a linearly varying pattern of reaction time (in 
milliseconds) vnth the difficuhy index level (Figure 4.2.3.1) and so was the case 
with power average of vibration level (Figure 4.2.3.2). 
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Table 4.2.3.6 Mean reaction time (in milliseconds) pooled over the four age 
levels of subjects at difierent difHculty indices under varying 
power average levels of vibration in a highway driving 
environment. 
Power Average of Vibration Level 
(Total Vibration-m/s') 
V,(0.00) 
V2(0.94) 
V3(1.82) 
V4 (2.66) 
Reaction Time (in ms) dififerent 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 3 
624.42 718.89 812.67 
633.10 782.85 872.32 
704.64 820.96 877.35 
701.21 841.14 936.92 
A linearly varying pattern of reaction time versus difficulty index level 
under different levels of vibration (Figure 4.2.3.1) is represented by the following 
reaction time models, 
(i) For pov^er average of vibration level -1 (no vibration condition) 
RTvi= 530.41+94.12 D 4.2.3.1 
(ii) For pov^er average of vibration level -2(total vibration 0.94 m/s^ ) 
RTv2 = 523.53 + 119.61 D 4.2.3.2 
(iii) For power average of vibration level -3 (total vibration 1.82 m/s') 
RTv3 = 628.27 + 86.35 4.2.3.3 
(iv) For power average of vibration level -4 (total vibration 2.66 m/s^ ) 
RTv4 = 590.71 + 117.85 0 4.2.3.4 
where RTvi, RTv2, RTv3 and RTv4 represent power average of vibration level -1, -2, 
-3 and -4 respectively and D represents the difficulty index. 
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. The governing equations for reaction time versus vibration level at 
different difficulty index levels are as follows 
(i) For difficulty index level -1 
RTDI= 619 64+ 34 09 V 42 3 5 
(ii) For difficulty index level-2 
RTD2 = 728 70 + 45 94 V 4 2 3 6 
(iii) For difficulty index level-3 
RTD3= 817 03+ 42 64 V 42 3 7 
where RTDI, RTD2 and RTD3 represent reaction time at difficulty index level -1 , -2 
and -3 respectively and V is the value of total vibration 
4.2.4 Discussion and Conclusions 
Results of the above presented set of studies involving different 
driving situations indicated that in cityway and rural road environments of driving 
(Study-4 & -5) the age related effects in cognitive task were statistically significant 
while in the highway environment of driving (Study-6) the age was found to be non-
significant 
These findings could be viewed in light of the literature The review 
of the previous researches revealed that almost no study has been conducted to 
determine the cognitive performance in a driving environment However, a number 
of studies have been performed related to age in different working environments 
Jamieson (1966) while studying the tasks of inspecting switches for mechanical 
fauhs as they left the assembly line or checking the telephone exchange racks for 
faulty soldered joints and connections found that the inspection performance 
increased with increasing age Similar findings were obtained in another set of 
workers also Studies conducted in the field of accident research pertaining to the 
age of humans that the age was a factor confounded by the effects of experience, the 
task and the effects of accidents themselves resulting in the tendency to leave the 
employment (Obome, 1986) The effects of experience and training, however, could 
not be excluded from these age effects Van Zelst (1954) analysed the accident 
records of two groups of workers with both groups matched for level of experience 
found that younger group had consistently more accidents than the older groups 
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Murrell (1962a) suggested that tasks which had heavy perceptual demands 
particularly when these were accompanied by speed were not well tolerated by older 
people. This got supported by some other studies also which demonstrated that 
fewer older men were employed on jobs involving severe demands on attention to 
fine detail or sustained care and attention. Cerrelli (1989) also found that age was a 
significant factor in determining the relationship between driver's ages and accident 
rate. The study revealed that the rate of accident was high for 16-19 year olds and 
declined sharply, remaining virtually level for those in the age group of 30-69 years 
After the age 70, the rate began to increase, dramatically so after ago 80. Welford 
(1981) and Czaja (1988) reported a slowing down of the performance with age 
According to them older people took longer in retrieving information from long 
term memory, in choosing among response alternatives and in executing responses 
Salthouse (1982) found that all the processing stages, perceptual motor and central 
cognitive got delayed with age. Howarth and Griffin (1988) studied human response 
in simulated environment of intermittent railway-induced building vibration and 
found no significant effect of age when subjects of different age groups were 
exposed to simulated building vibration As was found in the earlier two studies 
(cityway and highway environments of driving), the vibration level emerged to have 
a statistically significant effect on cognitive performance in all the three studies 
(cityway, rural road and highway driving environments) undertaken in the present 
work. Another important finding based on this study revealed that difficuhy index 
significantly affected the human performance. The possible reasons pertaining to 
these findings have been discussed elsewhere (subsection 4 1.4). Based on the above 
discussion, following conclusions are drawn: 
1) Chronological age appears to be a significant factor in a cognitive task 
under different levels of vehicular vibration in the cityway and rural road 
environments of driving. While the age was found to be statistically non-
significant in the highway kind of driving when the same type of task was 
performed by those subjected to vibration. 
2) The vehicular vibration emerged to be significant in the context of 
cognitive performance under all the driving conditions i e. in the citjrway, 
rural road and highway environments of driving. 
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3) The level of difficulty index in the task of the kind considered also 
emerged to be an important factor in all the three environments of 
cityway, rural road and highway kind of driving 
4.3 Effect of Laterality on Human Cognitive Performance 
In the following three studies cognitive performance was investigated 
in a driving environment from human laterality characteristics point of view Details 
of the studies undertaken in this context were as follows 
4.3.0 Purpose 
The literature reviewed on human laterality (Chapter II) indicated that 
cerebral specialisation is a very distinct and well documented feature in human 
beings It was noted that laterality as a variable was usually not being considered in 
researches conducted in the field of human factors engineering, in general, and in the 
area of vehicular vibrations in particular With these observations in view present 
study was designed to bring out differences, if any, in performance of right-motor-
sided and left-motor-sided people when they performed cognitive tasks In all, three 
experiments were conducted The first investigation explored how the varying levels 
of vibration affected the performance of right-motor-sided and left-motor-sided 
people while driving in the cityway kind of environment In the second experimental 
investigation the performance of right-motor-sided and left-motor-sided was studied 
on a rural road under varying levels of vibration, while the third experiment 
explored the performance of laterally different peoples on a highway driving 
environment by varying the levels of vehicular vibration These objectives may be 
presented as follows 
1) People possessing right-motor-sidedness do not differ in performance 
from those with left-motor-sidedness when tested in the environment of 
vehicular vibration performing the cognitive task 
2) The varying levels of vibration have no effect on human performance 
associated with the execution of the cognitive tasks 
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3) Different levels of difficulty index of the tasks to be performed require 
same amount of response time by humans performing the work in the 
three driving environments namely cityway, rural road and highway 
Details of the specific studies were as follows 
4.3.1.1. Experiment 1 (STUDY-7) 
Present study investigated the cognitive performance of subjects with 
varying levels of cerebral specialisation when they performed the task under varying 
levels of vehicular vibrations in the cityway kind of driving environment, details of 
the study being as follows 
4.3.1.1 Method 
Seven right-motor-sided and an equal number of left-motor-sided 
males were selected from the pool of subjects (chapter III) to participate in the 
present study Out of the 23 left-motor-sided subjects in the pool, seven were 
selected From among the right-motor-sided subjects also seven were selected 
ignoring those who had participated in the earlier experiments as subjects Mean age 
of the subjects stood at 24 8 y (SD = + 3 3 y) All the subjects had normal vision 
with none of subjects revealing any previous history of neuromuscular disorder All 
the experimental sessions were conducted between 0900 and 1400 hours Other 
procedural details related to the present study were same as mentioned in the 
previous studies 
4.3.1.2 Result 
The subjects selected performed the experimental task and the data so 
collected were analysed in terms of reaction time (expressed in milliseconds) 
Computations for the mean values of reaction time were carried out in the manner as 
presented in the earlier studies The individual and mean reaction time values along 
with the corresponding standard deviations pertaining to both the right- and left-
motor-sided people when they worked under varying levels of vibration at different 
difficuhy indices were computed as presented in appendix L The mean reaction 
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time values have also been presented in Table 4 3 11 It was observed that reaction 
time values increased in the execution of the simple task (level -1 of difficulty 
index) for the right-sided persons under varying levels of vehicular vibration For the 
Table 4.3.1.1 Mean reaction time (in milliseconds) of right- and left-motor-
sided subjects at different levels of difficulty index under 
varying levels of vehicular vibration in a cityway driving 
environment (Study-7). 
Motor-
Sided 
ness 
Right 
Left 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
483 00 654 57 870 42 
428 28 603 00 719 71 
Power Average of 
Vibration Level-2 
(Total Vib 0 94m/s^) 
Difficulty Index 
1 2 3 
52171 592 14 805 28 
551 14 698 57 826 00 
Power Average of 
Vibration Level-3 
(Total Vib 1 82 m/s )^ 
Difficulty Index 
1 2 3 
579 42 725 71 865 57 
547 00 71142 821 14 
Power Average of 
Vibration Level-4 
(Total Vib 2 66 m/s^) 
Difficulty Index 
1 2 3 
584 85 688 71 929 28 
591 14 761 57 890 57 
choice task (difficuhy index level -2), the value of reaction time was found to be 
more at no vibration condition (level -1) than that obtained at level -2 (0 94 m/s^ ) of 
vehicular vibration Also at level -3 (1 82 m/s^ ) of vehicular vibration the reaction 
time value was observed to be more than that at level -4 (2 66 m/s^ ) of vehicular 
vibration For the choice task (at level -3) the reaction time values increased with 
the increase in level of vibration except at no vibration condition where the reaction 
time value was more than that obtained at level -2 and -3 of vibration 
So far as the left -sided persons are concerned, the simple reaction time 
values for them increased with the increase in vibration level with a very little 
reduction observed at level -3 (1 82 m/s^ ) of vibration When choice reaction type of 
task was performed with level of difficuhy index at 2, the response time values 
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increased for all the levels of vibration. In the task with difficulty index level -3 the 
reaction time values increased for all levels of vehicular vibration with a slight 
reduction in reaction time observed at level -3 (1.82 m/s^ ) of vibration. 
A 2 (motor-sidedness) x 4 (power average of vibration level) x 3 (level 
of difficulty index) factorial design with repeated measures on the last two factors 
was employed to perform the analysis of variance of the collected data and F-ratios 
were computed as presented in Table 4.3.1.2. 
Table 4.3.1.2 Summary of the analysis of variance for reaction time (in 
milliseconds) when subjects performed the cognitive task 
under varying levels of vehicular vibration in a cityway 
driving environment (Study-7). 
Source of variation SS df MS 
Between subjects 
A (Motor-sidedness) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
*p< 0.05 
112209.81 13 8631.52 
6662.88 6662.88 
105546.93 12 8795.57 
3888129.33 154 25247.59 
313955.28 
110593.08 
325262.30 36 9035.06 
2610739.00 
46660.26 
113254.07 24 4718.91 
32664.86 
14815.78 
5444.14 
2469.29 
320184.70 72 4447.00 
0.75 
104651.76 11.58* 
36864.36 4.08* 
1305369.5 276.6* 
23330.13 4.94* 
1.224 
0.55 
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The analysis revealed that the main effects of motor-sidedness was 
statistically non-significant (F (1,12) = 0.75; NS) whereas the main effects of power 
average of vibration level (F (3,36) = 2.87; p<0.05) and cognitive task levels (F 
(2,24) = 3.4; p<0.05) were found to be statistipally significant. The interaction 
effects between motor-sidedness and vehicular vibration (F (3,36) = 2.87; p<0.05) 
and motor-sidedness and difficulty index level (F (2,24) = 3.4; p<0.05) were also 
found to be statistically significant. However, the interaction between vehicular 
vibration and difficulty index level (F (6,72) = 2.1; NS) and second order interaction 
i.e. motor-sidedness x vehicular vibrations x difficulty index level also emerged to 
be statistically non-significant (F (6,72) = 2.1; NS). 
The relationship between reaction time and vehicular vibration was 
studied on the basis of the mean reaction time values (Table 4.3.1.3) computed for 
the subjects irrespective of their motor-sidedness characteristics. Based on these 
values, reaction time as a fiinction of difficulty index levels was plotted for varying 
power average levels of vibration as shown in Figures 4.3.1.1. The graph was also 
plotted between reaction time and total vibration for different levels of difficulty 
Table 4.3.1.3 Mean reaction time (in milliseconds) pooled over right- and left-
motor-sided subjects at different difficulty indices under 
varying levels of vehicular vibration in a cityway driving 
environment (Study-7). 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
Vi (0.00) 
V2 (0.94) 
V3(1.82) 
V4 (2.66) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 3 
455.64 628.78 795.07 
536.42 645.35 815.64 
563.21 718.57 843.35 
588.00 725.14 909.92 
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Figure 4.3.1.1 Mean reaction time pooled over right- and left- motor-sided 
subjects as a function of the difficulty index level for varying 
power average levels of vibration in a cityway driving 
environment (Study-7). 
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Figure 4.3.1.2 Mean reaction time pooled over right- and left- motor-sided 
subjects as a function of total vibration (m/s^) for varying levels of 
(tilTicutty index in a cityway driving environment (Study-7). 
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index (Figure 4.3.1.2). Curves of best fit were established through regression 
analysis. The reaction time model indicated a linearly varying pattern of reaction 
time with difficulty index level The reaction time model for vibration was also 
found to be linear in nature. 
Human performance models indicated a linearly varying pattern of 
reaction time (in milliseconds) with the difficuhy index level (Figure 4.3.1.1) and so 
was the case with power average of vibration level (Figure 4.3.1.2). 
The linear pattern obtained in Figure 4.3.1.1 are represented by 
following reaction time models, 
(i) For power average of vibration level -1 (no vibration condition) 
RTvi = 287.06+169.71 D 4.3.1.1 
(ii) For power average of vibration level -2 (total vibration 0.94 m/s^) 
RTv2 = 386.58+139.61 D 4.3.1.2 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s ) 
RTv3 = 428.23 +140.07 D 4.3.1.3 
(iv) For power average of vibration level -4 (total vibration 2.66 m/s^) 
RTv4 = 419.10+160.96 D 4.3.1.4 
where RTvi, RTv2, RTvs and RTv4 represent reaction time for power average of 
vibration level -1,-2, -3 and -4 respectively and D represents the difficulty index 
The governing equation for reaction time versus vibration level at 
different difficulty index levels (Figure 4.3.1.2) were as follows, 
(i) For difficuhy index level -1 
RTDI = 470.53+48.18 V 4.3.1.5 
(ii) For difficulty index level -2 
RTD2 = 624.04 +40.89 V 4.3.1.6 
(iii) For difficuhy index level -3 
RTD3 = 784.48 +41.70 V 4.3.1.7 
where RTDI, RTD2 and RTDB represent reaction time at difficulty index level -1,-2 
and -3 respectively and V is the value of total vibration. 
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4.3.2 Experiment 2 (STUDY-8) 
In this experiment cognitive performance under varying levels of 
vibrations on a rural road in the context of motor-sidedness of humans was studied. 
Details of the study are presented as follows: 
4.3.2.1 Method 
Seven left-sided and seven right-sided subjects were selected for the 
present study from the already referred pool of subjects after excluding all those who 
had participated in the previous studies. All the subjects had normal vision with no 
history of neuromuscular disorder. The experimental sessions were conducted in the 
pre-lunch session between 0900 and 1400 hours. Data were collected in the same way 
as adopted in the previous study. 
4.3.2.2 Results 
On the pattern of previous studies the resuhs were analysed in terms 
of reaction time scores taken with the help of electronic timer (Chapter III). 
Computation of the mean values were carried out in the manner as explained in 
Table 4.3.2.1 Mean reaction time (in milliseconds) of right- and left-motor-
sided subjects at different levels of difficulty index under 
varying levels of vehicular vibration in a rural road driving 
environment (Study 8). 
Motor-
Sided 
ness 
Right 
Left 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
491.85 631.14 754.14 
579.85 670.14 743.14 
Power Average of 
Vibration Level-2 
(Total Vib. 0.94 m/s^) 
Difficulty Index 
1 2 3 
468.14 555.28 777.57 
534.28 647.14 819.28 
Power Average of 
Vibration Level-3 
(Total Vib. 1.82 m/s^) 
Difficulty Index 
1 2 3 
517.28 637.00 780.71 
585.71 701.85 784.57 
Power Average of 
Vibration Level-4 
(Total Vib. 2.66 m/s^) 
Difficulty Index 
1 2 3 
550.14 707.85 879.71 
543.71 610.71 835.85 
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previous studies. The individual and mean reaction time expressed in millisecond 
and their standard deviations for both right- and left-motor-sided people when they 
worked under varying levels of vehicular vibration at different difficulty index levels 
were computed as presented in Appendix M. The mean values of reaction time 
reproduced in Table 4.3.2.1 show that the reaction time values increased with the 
increase in power average of vibration level while performing simple and choice 
reaction type of tasks (level -2 and -3) for right-sided person. However the reaction 
time values were found to be more in no vibration condition than that at the level-2 
(0.94 m/s^ ) of vehicular vibrations when the task was performed at difficulty index 
level -land -2. 
For the left-motor-sided subjects the reaction time value was more 
under no vibration condition than that at the vibration level -2 (0.94 m/s^ ) for the 
simple reaction type of task. The response time value increased at the vibration level 
-3 (1.82 m/s ) and then again decreased at level -4 (2.66 m/s ). For the choice 
reaction type of task (difficulty level-2) the value of reaction time increased up to 
level -3 (1.82 m/s^ ) of the vibration and then decreased at level -4 (2.66 m/s )^. 
However for the choice reaction type of task (difficulty level-3), the reaction time 
values increased up to level -2 (0.94 m/s^ ) of vibration, decreased at vibration 
level-3 (1.82 m/s^ ) and then again increased at the vibration level -4 (2.66 m/s^ ). 
A 2 (motor-sidedness) x 4 (power average of vibration level) x 3 
(level of difficulty index) factorial design with repeated measures on the last two 
factors was employed to perform the analysis of variance on the observed data. F-
ratios were computed and results of the analysis of variance summarised in Table 
4.3.2.2. The results of the analysis indicated that the main effects of motor-sidedness 
and power average of vibration level were statistically non-significant implying 
thereby that motor-sidedness (F (1,12) = 4.75, NS) and vehicular vibration (F (3,36) 
= 2.872, NS) did not effect human performance in a cognitive task while driving on 
a rural road. However the main effect of cognitive task (difficulty index) emerged to 
be a significant factor (F (2,24) = 3.4, p<0.05). The interaction of motor-sidedness 
and power average of vibration level (F (3,36) = 2.872; NS), and power average of 
vibration level and difficulty index level (F (6,72) = 2.2; NS) were found to be 
statistically non-significant. However, the interaction effect of motor-sidedness and 
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previous studies The individual and mean reaction time expressed in millisecond 
and their standard deviations for both right- and left-motor-sided people when they 
worked under varying levels of vehicular vibration at different difficulty index levels 
were computed as presented in Appendix M The mean values of reaction time 
reproduced in Table 4 3.2.1 show that the reaction time values increased with the 
increase in power average of vibration level while performing simple and choice 
reaction type of tasks (level -2 and -3) for right-sided person However the reaction 
time values were found to be more in no vibration condition than that at the level-2 
(0 94 ra/s^) of vehicular vibrations when the task was performed at difiFicuhy index 
level -land -2 
For the left-motor-sided subjects the reaction time value was more 
under no vibration condition than that at the vibration level -2 (0 94 m/s^ ) for the 
simple reaction type of task The response time value increased at the vibration level 
-3 (1 82 m/s^ ) and then again decreased at level -4 (2 66 m/s )^ For the choice 
reaction type of task (difficuhy level-2) the value of reaction time increased up to 
level -3 (1 82 m/s^) of the vibration and then decreased at level -4 (2 66 m/s^ ) 
However for the choice reaction type of task (difficulty level-3), the reaction time 
values increased up to level -2 (0 94 m/s^ ) of vibration, decreased at vibration 
level-3 (1 82 m/s )^ and then again increased at the vibration level -4 ( 2 66 m/s^ ) 
A 2 (motor-sidedness) x 4 (power average of vibration level) x 3 
(level of difficulty index) factorial design with repeated measures on the last two 
factors was employed to perform the analysis of variance on the observed data F-
ratios were computed and resuhs of the analysis of variance summarised in Table 
4 3 2 2 The results of the analysis indicated that the main effects of motor-sidedness 
and power average of vibration level were statistically non-significant implying 
thereby that motor-sidedness (F (1,12) = 4 75, NS) and vehicular vibration (F (3,36) 
= 2 872, NS) did not effect human performance in a cognitive task while driving on 
a rural road However the main effect of cognitive task (difficulty index) emerged to 
be a significant factor (F (2,24) = 3 4, p<0 05) The interaction of motor-sidedness 
and power average of vibration level (F (3,36) = 2 872, NS), and power average of 
vibration level and difificulty index level (F (6,72) = 2 2, NS) were found to be 
statistically non-significant. However, the interaction effect of motor-sidedness and 
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Table 4.3.2.2 Summary of ^^ e analysis of variance for reaction time (in 
milliseconds) when subjects performed the cognitive task 
under varying levels of vehicular vibration in a rural road 
driving environment (Study 8). 
Source of variation SS df MS 
Between subjects 
A (Motor-sidedness) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
198436 12 13 15264.30 
27208 60 27208.60 190 
171227 52 12 14268 96 
12065154 154 78345 15 
73826 17 
82324.06 
24608 72 
27441.35 
178 
199 
495374 77 36 13760 41 
1952014 01 
22246 65 
976007 00 414 80* 
11123 32 4 72* 
56468 84 24 2352.86 
73774 37 6 12295 72 0 09 
23074 69 3845 78 0 03 
9286050 72 128973.00 
*p< 0 05 
difficulty index level emerged to be a significant factor (F (2,24) = 3 40 at p<0 05) 
The second order interaction i e motor-sidedness x power average of vibration level 
x difficulty index level was found to be statistically non-significant (F (6,72) = 2 2, 
NS) For studying the relationship between reaction time and difficulty index level, 
mean reaction time values were computed for the subjects irrespective of their 
motor-sidedness as presented in Table 4 3 2 3 
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Table 4.3.2.3 Mean reaction time (in milliseconds) pooled over right- and left-
motor-sided subjects at different difficulty indices under varying 
levels of vehicular vibration in a rural road driving 
environment. 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
Vi(OOO) 
V2 (0 94) 
V3(182) 
V4 (2 66) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 3 
535 85 650 64 748 64 
501 21 601 21 798 42 
55150 669 42 782 64 
546 92 659 28 857 78 
Reaction time as a function of the difficulty index level was plotted for 
varying levels of vehicular vibration as shown in Figure 4 3 2 1 Similarly curves for 
reaction time versus vehicular vibration for different difficulty index levels were 
also plotted as shown in Figure 4 3 2 2 
The human performance model indicated a linearly varying pattern of 
reaction time (in milliseconds) with the difficulty index level (Figure 4 3 2 1) and so 
was the case with power average of vibration level (Figure 4 3 2 2) 
The linear pattern obtained in Figure 4 3 2 1 can be represented by 
following reaction time models 
(i) For power average of vibration level -1 (no vibration condition) 
RTvi=432 25 + 106 39D 43 2 1 
(ii) For power average of vibration level -2 (total vibration 0 94 m/s^) 
RTv2 = 336 40 + 148 60 D 4 3 2 2 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s^) 
RTv3 = 436 71 + 115 56D 43 23 
(iv) For power average of vibration level -4 (total vibration 2 66 m/s^) 
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Figure 4.3.2.1 Mean reaction time pooled over right- and left- motor-sided 
subjects as a function of the difficulty index for varying power 
average levels of vibration in a rural road driving environment 
(Study-8). 
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Figure 4.3.2.2 Mean reaction time pooled over right- and left- motor-sided 
subjects as a function of total vibration (m/s^) for varying levels of 
difficulty index in a rural road driving environment (Study-8). 
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RTv4 = 377 13 + 155 43D 4 3 24 
where RTvi, RTv2, RT\3 and RTv4 represent reaction time for power average of 
vibration level -1 , -2, - 3 and -4 respectively and D represents the difficulty index 
The governing equations for reaction time versus vehicular vibration at 
different difficulty index levels (Figure 4 3 2 2) were as follows 
(i) For difficulty index level -1 
RTDI = 5 2 1 4 1 + 9 1 9 V 4 3 25 
(ii) For difficulty index level -2 
RTD2 = 6 3 1 15+10 32V 4 3 2 6 
(iii) For difficuhy index level -3 
RTD3 = 749 40 + 35 03 V 4 3 2 7 
where RTDI, RTDZ and RTD3 represent reaction time at difficulty index level -1 , -2 
and -3 respectively and V is the value of total vibration 
4.3.3 Experiment 3 (STUDY-9) 
In this experiment, human performance while executing cognitive 
task under varying levels of vehicular vibration in the context of motor-sidedness of 
humans while driving on a highway was investigated Details of the study are 
presented as follows 
4.3.3.1 Method 
To participate in the present study, seven-left sided subjects and 
seven right-sided subjects were selected out from the pool of subjects after 
excluding all the subjects who had earlier participated in previous studies All the 
selected subjects were having normal vision and without any previous history of 
neuromuscular disorder 
4.3.3.2 Results 
Human reaction time was measured with the help of human response 
measurement system and the data were analysed statistically Computations of the 
mean values was done in the manner similar to the ones adopted in the previous 
studies The individual and mean reaction time values (in milliseconds) and the 
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corresponding standard deviations for both right- and left- motor-sided people when 
they carried out the planned cognitive task under varying levels of vehicular 
vibration at different difficulty index levels were computed as presented in 
Appendix N. 
The mean values of reaction time reproduced in Table 4.3.3.1 show 
nearly the same value of reaction time under no vibration conditions and at vibration 
level -2 (0.94 m/s^) and then increased with increase in vibration from level -3 (1.82 
m/s^) to level -4 (2.66 m/s^) in a simple reaction kind of situation, when right-sided 
persons performed the task For the choice reaction type of task (difficuhy index 
level -2), the values of reaction time increased with the increase in vibration levels 
from level -2 to level-4 (i.e. from 0.94 m/s^ to2.66 m/s^). However the reaction time 
values under no vibration condition for the task at difficulty index level-2 was higher 
than the value at vibration level -3 (1.82 m/s^). Similarly the values of response time 
for the choice reaction type of task at difficulty index level -3, increased with the 
increase in vibration level when vibration level increased fTon\ level -2 to level -4 
(i e. from 0.94 m/s^ to2 66 m/s^) but the value of reaction time under no vibration 
Table 4.3.3.1 Mean reaction time (in milliseconds) of right- and left- motor-
sided subjects at different levels of difficulty index under 
varying levels of vehicular vibration in a highway driving 
environment (Study-9). 
Motor-
Sided 
ness 
Right 
Left 
Reaction Time (in ms) at different levels of 
vibration and three levels of difficulty (1,2 & 3) 
Power Average of 
Vibration Level-1 
(No Vibration) 
Difficulty Index 
1 2 3 
523 14 791.71 887.28 
602.71 816.42 883.57 
Power Average of 
Vibration Level-2 
(Total Vib. 0.94 m/s^) 
Difficuhy Index 
1 2 3 
522.42 668.42 786.28 
648.28 771.71 860.28 
Power Average of 
Vibration Level-3 
(Total Vib. 1.82 m/s^) 
Difficulty Index 
1 2 3 
616.42 740.14 864.71 
693.85 795.00 913.57 
Power Average of 
Vibration Level-4 
(Total Vib. 2.66 m/s^) 
Difficuhy Index 
1 2 3 
804.57 860.14 968.28 
814.00 870.00 969.71 
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condition was observed to be more than the reaction time value for the same task at 
vibration level -3(1 82 m/s )^ for the laterally right-sided persons 
As far as left-sided persons are concerned, the reaction time values for 
such humans when they performed simple task (at difficulty index level-1) increased 
with the increase in vibration levels For the choice reaction type of task with 
complexity increasing from level-2 to level -3, the response time values increased as 
the vibration levels increased from level-2 to level-4 (i e from 0.94 m/s^  to2 66 
m/s^ ) while the reaction time values for the difficulty index level -2 and -3 under no 
vibration condition were more than the response time value at vibration level -3 
(1 82 m/s^) and -2 (0 94 m/s )^ respectively 
To scrutinize the data more elaborately a 2 (motor-sidedness) x 4 
(power average of vibration level) x 3 (level of difficulty index) factorial design with 
repeated measures on the last two factors was employed to perform the analysis of 
variance on the observed data and the results were obtained as summarised in Table 
4 3 3 2 
Table 4 3 3 2 indicated that motor-sidedness emerged to have a 
statistically significant effect (F (1,12) = 4 75, p<0 05) on cognitive performance of 
humans on a highway driving Further the power average of vibration level (F (3,36) 
= 2 87, p<0 05) as well as the difficuUy index level (F (2,24) = 3 4, p<0 05) found to 
have a significant effect on cognitive performance Moreover the interaction effects 
between motor-sidedness and power average of vibration level (F (3,36) = 2 872, 
p<0 05), between power average of vibration level and difficulty index level (F 
(6,72) = 2 1, p<0 05) and that between the motor-sidedness and difficulty index 
level (F (2,24) = 3 4, p<0 05) also emerged to be statistically significant However, 
the second order interaction i e motor-sidedness x power average of vibration level 
X difficulty index level was found to be statistically non-significant (F (6,72) = 2 1, 
NS) Since the first order interactions (age level x power average of vibration level, 
age level x difficulty index level and power average of vibration level x difficulty 
index level) were statistically significant, the data were fiirther analysed in terms of 
simple main effects, as shown in Tables 4333 to 4 3 3 5 
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Table 4.3.3.2 Summary of the analysis of variance for reaction time (in 
milliseconds) when subjects performed the cognitive task 
under varying levels of vehicular vibration in a highway 
driving environment (Study-9). 
Source of variation SS df MS 
Between subjects 
A (Motor-sidedness) 
Subjects within groups (Error 1) 
Within subjects 
B (Power average of vibration level) 
AxB 
BxSubjects within groups (Error 2) 
C (Difficulty index) 
AxC 
Cx Subjects within groups (Error 3) 
BxC 
AxBxC 
BxCxSubjects within groups 
1811869.2 13 139374.5 
106959.1 
49374.4 
106959.1 25.99* 
12 4114.53 
2827831.4 154 18362.54 
6766118 
50835.0 
225537.26 61 48* 
16945.00 4.61* 
132061.9 36 3668.38 
1603654 4 
13009.7 
38871.6 
150003 8 
6015.4 
801827.20 495 06* 
6504.85 
24 1619.65 
4 02" 
25000.63 11.48* 
1002.56 0 46 
156767.8 72 2177.33 
*p<0.05 
The analysis of simple main effects, when subjects of different motor-
sidedness performed the cognitive task under varying power average levels of 
vibration (Table 4.3.3.3) revealed that motor-sidedness at power average of vibration 
level -1, -2, and -3 ( 0, 0.94 m/s^  and 1.82 m/s^ ) was statistically significant 
However at level-4 (2.66 m/s^ ) of vehicular vibration, the motor-sidedness was 
found to be statistically non-significant. So far as the power average of vibration 
level was concerned, it was found to be significant statistically for both right- and 
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Table 4.3.3.3 Summary of the analysis of simple main effects when subjects of 
varying age levels performed the cognitive task under varying 
levels of vehicular vibration in a highway driving environment. 
Source of variation SS df MS 
A (Motor-sidedness) at 
Bi (Power average of vibration level-1) 
B2 (Power average of vibration level-2) 
B3 (Power average of vibration level-3) 
B4 (Power average of vibration level-4) 
Error term = 6663 6 
B (Power average of vibration level) at 
Ai (Right motor-sidedness) 1567811 5 
A2 (Left motor-sidedness) 614528 7 
Error term = 11848 9 
35401 1 
321634 5 
114844 5 
15017 
1 
1 
1 
1 
35401 1 
321634 5 
114844 5 
1501 7 
5 30^ 
48 2" 
17 2* 
0 22 
3 
3 
522603 8 44 1* 
204842 9 17 2" 
*p<0 05 
left- motor-sided subjects The results of the simple main effects analysis when 
subjects of different motor-sidedness performed the task at three levels of difficulty 
index (Table 4 3 3 4) indicated that motor-sidedness at three levels of difficulty and 
difficuhy index at both right- and left- motor-sidedness were statistically significant 
The analysis of simple main effects when subjects performed the task 
at varying levels of vibration under three levels of difficuhy index (Table 4 3 3 5 and 
4 3 3 6) revealed that the power average of vibration level had a significant effect at 
all the three levels of difficuhy index used in this study for the persons of both kind 
of motor-sidedness So was the case with the level of difficuhy index also which 
emerged to be significant under all the four levels of vehicular vibration employed in 
the study for left- and right- sided persons 
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Table 4.3.3.4 Summary of the analysis of simple main effects when subjects of 
different motor-sidedness performed the task at different levels 
of difficulty index in a highway driving environment. 
Source of variation SS df MS 
A ( Motor-sidedness) at 
Ci (Difficulty index level -1) 
C2 (Difficulty index level -2) 
C3 (Difficulty index level -3) 
C (Difficulty index) at 
Ai (Right-motor-sidedness) 
A2 (Lefl-motor-sidedness) 
299008.2 
129985.7 
50881.1 
Error term =8884.8 
3811056.2 
2655600.6 
Error term = 7408.7 
299008.2 33.6* 
129985.7 
50881.1 
14.6'' 
5.7* 
1905528.1 257.1* 
1327800.3 179.2* 
*p<0.05 
Table 4.3.3.5 Summary of the analysis of simple main effects when right-
handed subjects performed the cognitive task at varying levels 
of difficulty index under varying power average levels of 
vibration in a highway driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci(Difficulty index level -1) 
At C2(Difficulty index level -2) 
At C3(Difficulty index level -3) 
8263129.5 
16390890.3 
117728.7 
2754376.5 639.8* 
5463630.1 12.69* 
39242.9 9.11* 
Error term =4305.11 
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C (Difficulty index) 
At Bi (Power average of vibration level-1) 499017.0 
At Bz (Power average of vibration level-2) 244596.2 
At B3 (Power average of vibration level-3) 215 761.1 
At B4 (Power average of vibration level 4) 97032.66 
Error term = 2184.49 
249508.6 114.0* 
122298.1 55.98* 
107880.5 49.38* 
48516.33 22.20* 
*p<0.05 
Table 4.3.3.6 Summary of the analysis of simple main effects when left-handed 
subjects performed the cognitive task at varying levels of 
difficulty index under varying power average levels of vibration 
in a highway driving environment. 
Source of variation SS df MS 
B (Power average of vibration level) 
At Ci(Difficulty index level -1) 
At C2(Difficulty index level -2) 
At C3(Difficulty index level -3) 
Errorterm = 3031.64 
C (Difficulty index) 
At Bi (Power average of vibration level-1) 301146.2 
At B2 (Power average of vibration level-2) 15 8 721.5 
At B3 (Power average of vibration level-3) 169314.6 
At B4 (Power average of vibration level 4) 87093.7 
Error term = 1054.80 
•p<0.05 
173246.2 
37022.5 
46950.4 
3 
3 
3 
57748.6 
12340.8 
15650.1 
19.04* 
4.07* 
5.16* 
2 150573.1 142.7* 
2 79360.7 75.23* 
2 84657.3 80.25* 
2 43546.8 41.28* 
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For studying the relationship between reaction time and difficulty index 
level, mean reaction time values were computed for the subjects irrespective of their 
motor-sidedness as presented in Table 4.3.3.7. 
Table 4.3.3.7 Mean reaction time (in milliseconds) pooled over right- and left-
motor-sided subjects at different difficulty indices under 
varying levels of vehicular vibration in a highway driving 
environment (Study-9). 
Power Average of Vibration Level 
(Total Vibration-m/s^) 
Vi (0.00) 
V2 ( 0.94) 
V3(1.82) 
V4 (2 66) 
Reaction Time (in ms) different 
levels of difficulty (1,2 & 3) 
Difficuhy Index 
1 2 3 
562.92 804.07 885.42 
585.35 720.07 823.28 
655.14 767.57 889.14 
809.28 865.07 969.00 
Reaction time as a function of the difficulty index level was plotted 
for all the four power average levels of vibration as shown in Figure 4.3.3.1. 
Similarly curves for reaction time versus vehicular vibration were also plotted as 
depicted in Figure 4.3.3.2. 
The reaction time model indicated a linearly varying relation between 
the reaction time and difficulty index level and so was the case for the reaction time 
model for power average of vibration level also. The reaction time model obtained 
(Figure 4.3.1.1) were as follows: 
(i) For power average of vibration level -1 (no vibration condition) 
RTvi = 428.30 + 161.25 0 4.3.3.1 
(ii) For power average of vibration level -2 (total vibration 0.94 m/s^ ) 
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Figure 4.3.3.1 Mean reaction time pooled over right- and left- motor-sided 
subjects as a function of the difflculty index level for varying 
power average levels of vibration in a highway driving 
environment (Study-9). 
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Figure 4.3.3.2 Mean reaction time pooled over right- and left- motor-sided 
subjects as a function of total vibration (m/s*) for varying levels of 
difTicuIty index in a highway driving environment (Study-9). 
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RTv2 = 47163 + 118 96D 4 3 32 
(iii) For power average of vibration level -3 (total vibration 1 82 m/s )^ 
RTv3 = 536 61 + 117D 4 3 3 3 
(iv) For power average of vibration level -4 (total vibration 2 66 m/s^ ) 
RTv4 = 721 39 + 79 85 D 4 3 3 4 
where RTvi, RTv2, RTva and RTv4 represent the reaction time at power average of 
vibration level -1, -2, -3 and -4 respectively and D represents the level of difficulty 
index 
The reaction time versus total vibration at different difficulty index 
level (Figure 4 3 3 2) were as follows 
(i) For difficulty index level -1 
RTDI = 530 67 + 90 40 V 4 3 3 5 
(ii) For difficulty index level -2 
RTD2 = 755 56 + 24 82 V 4 3 3 6 
(iii) For difficulty index level -3 
RTD3 = 844 58 + 34 77 V 4 3 3 7 
where RTDI, RTD2 and RT^s represent reaction time at difficuhy index level -1,-2 
and -3 respectively and V is the value of total vibration 
Table 4.3.3.8 Mean reaction time (in milliseconds) for the right- and left-
motor- sided subjects under varying power average levels of 
vibration in a highway driving environment. 
Motor-sidedness 
of subjects 
Right 
Left 
Level-1 
(No vibration; 
734 04 
767 56 
Reaction Time (in ms) at varying 
power average 
Power Average 
Level-2 
) (0 94 m/s^) 
659 04 
760 09 
levels of vibration 
of Vibration Level 
Level-3 
(1 82 m/s^) 
740 42 
800 80 
Level-4 
(2 66 m/s^) 
877 66 
884 57 
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Mean reaction time values for right- and left- motor-sided persons were 
computed for varying power average levels of vibration and also for difficulty index 
as presented in Tables 4.3.3.8 and 4.3.3.9. 
The graphs were also obtained for reaction time versus vehicular 
vibration; reaction time versus difficulty index for laterally different persons (Figure 
4.3.3.3 and 4.3.3.4) and for reaction time versus motor-sidedness (Figure 4.3.3.5) at 
varying power average levels of vibration and for reaction time versus laterality at 
Table 4.3.3.9 Mean reaction time (in milliseconds) for the right- and left-
motor- sided subjects under varying difficulty index levels in a 
highway driving environment. 
Motor-sidedness 
of subjects 
Right 
Left 
Reaction Time (in ms) at varying 
levels of difficulty (1,2 & 3) 
Difficulty Index 
1 2 
616.63 
689.71 
765.10 
813.28 
3 
876.63 
906.78 
varying difficulty index levels (Figure 4.3.2.6) and were all observed to be following 
a linear pattern of variation. 
The reaction time models for laterally different people (Figure 
4.3.3.3) were as follows: 
(i) For right- motor-sided people 
RTR = 676.36+56.40 V 4.3.3.8 
(ii) For left-motor-sided people 
RTL = 744.17 +43.60 V 4.3.3.9 
where RTR and RTL represent reaction time for right- and left- motor-sided people 
and V is the value of total vibration. 
The reaction time models for the relation between reaction time and 
difficuky index level for different laterality people (Figure 4.3.3.4) were as follows: 
(i) For right- motor-sided people 
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Figure 4.3.3.3 Mean reaction time pooled over three levels of difiiculty index as 
a function of total vibration (m/s^ ) for right- and left- motor-sided 
subjects in a highway driving environment (Study-9). 
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Figure 4.3.3.4 Mean reaction time pooled over four levels of power average of 
vibration as a function of difficulty index level for right- and left-
motor-sided subjects in a highway driving environment (Study-9). 
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vibration as a function of laterality for varying levels of difficulty 
index in a highway driving environment (Study-9). 
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RTR = 462.33+1 SOD 4.3.3.10 
(ii) For left- motor-sided people 
R T L = 585.66+108.49 D 4.3.3.11 
where RTR and RTL represent reaction time for right- and left- motor-sided people 
and D is the difficulty index level. 
The reaction time models of laterally different people for different 
power average levels of vibration (Figure 4.3.3.5) were as follows: 
(i) For power average of vibration level -1 (no vibration condition) 
RTvi = 701+33L 4.3.3.12 
(ii) For power average of vibration level -2 (total vibration 0.94 m/s^) 
RTv2 = 558 + 101L 4.3.3.13 
(iii) For power average of vibration level -3 (total vibration 1.82 m/s^) 
RTv3 = 680 + 60L 4.3.3.14 
(iv) For power average of vibration level -4 (total vibration 2.66 m/s^) 
RTv4 = 870 + 7L 4.3.3.15 
where RTvi, RTv2, RTv3 and RTv4 represent reaction time at power average of 
vibration level -1, -2, -3 and -4 respectively and L stands for laterality (1 for right 
and 2 for left). 
Models of reaction time for different difficulty index levels were as 
follows: 
(i) For difficulty index level -1 
RTDI = 543 + 7 3 L 4.3.3.16 
(ii) For difficulty index level -2 
RTD2 = 7 1 7 + 4 8 L 4.3.3.17 
(iii) For difficulty index level -3 
R T D 3 = 8 4 6 + 3 0 L 4.3.3.18 
where the symbols have their usual meanings. 
4.3.4 Discussion and Conclusions 
Results of the above presented three studies which were conducted to 
investigate the effect of motor-sidedness on human performance in a cognitive task 
revealed that the human laterality measured in terms of motor-sidedness was not 
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having any significant effect when the task was carried out in the cityway and the 
mral road driving environment However, the effect of lateraHty was found to be 
statistically significant when the task was performed while driving on a highway 
Handedness was noted to be one of the most widely studied index of human motor-
sidedness in the literature (Chapter II) However either no or very few studies have 
been conducted in the past to study the effect of laterality on human performance in 
the context of cognitive task being performed under the impact of the vehicular 
vibrations The studies carried out by Deniels (1981), Landauer et al (1980), Porac 
and Coren (1981) investigated the effects of laterality on sensory-motor 
coordinations All the studies described above found significant differences in the 
right- and left- handed people Sate et al (1967) in his study related to simple 
tapping task in which an individual was asked to tap the telegraph keys as fast as 
possible during a given time duration showed that 35% of the lefl-motor-sided 
subjects performed better on tapping with the right hands, while no difference 
between the hands was shown by 6% of population The 12% of the subjects showed 
better tapping with their non-preferred left hand and 1% showed no difference In 
another study (Provins and Cunliffe, 1972) it was reported that 10% of right- sided 
persons performed better with their left hand in a tapping task, while 40% of the left 
banders performed better with their non-preferred right hand Other studies carried 
out in tapping related tasks by various investigators (e g Peters and Durding, 1979, 
Johnstone, 1979, Wiggins, 1973) also reported similar findings DeLuca (1986) in 
his study related to the investigation of the fatigue of the first dorsal intersseous 
found a faster decrement in the sustained contraction of the muscular fatigue for the 
right handed persons However for the left-motor-sided subjects the distinction was 
found to be statistically non-significant The argument, in support of the findings, 
given by them was that the difference might be due to certain modifications in the 
matabolic properties of muscle fibers due to life time functional use In a study 
(Hobday, 1988) on two keyboard arrangements designed one each for right handed 
individuals and the other for left sided persons, it was found that in QWERTY 
keyboards, the arrangement of the keys was such that 57% load was shared by left 
hand while the remaining load was borne by right hand (Ferguston and Duncan, 
1974) Badar et al (1992), in their study on the effect of laterality under varying 
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levels of illumination in an HCI environment reported that laterality had a 
statistically significant effect on human performance. Moreover left handed 
individuals performed better than right handed ones under the data entry task on 
VDU. However, according to JulHano (1980), the interest on differential functioning 
of hemispheres has developed only since the last two decades and today literature on 
the topic is available in abundance, there being about 1000 references cited in the 
work of Porac and Coren (1981) alone. In the field of ergonomics, it appears from 
the literature that usually laterality is not being considered as a variable. So far as the 
theme of the present study is concerned, it appears that either no or very few 
investigations have been undertaken in the past where laterality was considered a 
parameter of investigation in performing the cognitive tasks under the impact of 
vehicular vibrations. In this context, present work appears to have contributed a lot 
to the present store of knowledge on the theme. 
The findings of the present study may be generalised to suggest that 
laterality plays an important role in all the tasks that need coordination of the two 
hands. This point of view gets supported from the findings that many persons are 
forced to use their non-preferred hand in such skills as playing of musical instrument 
(Oldfield, 1969) which needs fine motor control of both the hands. 
Another findings based on this study revealed that the vehicular 
vibrations significantly affected human performance when cognitive task was 
performed in the cityway and highway environments of driving. 
Another major finding of the present set of studies pertains to the 
difficulty index level in a cognitive task. Once again it emerged to have a significant 
effect on human performance. Further analysis of simple main effects in a highway 
situation also revealed that the vehicular vibrations have a significant effect on 
human performance at all the levels of difficulty index of the cognitive task under 
taken in the present study. 
To sum up, based on the present set of three studies, following 
conclusions are drawn: 
1. Cognitive performance of humans is not affected by their laterality 
characteristics when the task is carried out in the rural road and the cityway 
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environments of driving. However, while performing the task in the highway 
environment, the perfomnance got significantly affected of course, adversely. 
2. Vehicular vibration emerged to have a significant effect on human performance 
in the cityway and highway environments of driving. However it had no effect 
when the task was performed in the rural environment of driving. 
3. Level of difficulty index in a cognitive task is a highly significant factor in 
affecting the performance of humans in all the driving situations i.e. cityway, 
rural road and highway environment of driving. 
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CHAPTER V 
GENERAL DISCUSSION AND CONCLUSIONS 
The nine studies carried out in the present set of investigations 
provided important insight related to the cognitive task under the impact of the 
vehicular vibration-induced-stresses in humans and it is hoped that it would further 
stimulate the curiosity of the future ergonomists in evolving a new system that would 
reduce vibration-induced-stresses in users as it is well known that after all, there is a 
limit of information handling and processing ability (Miller, 1956). Brown (1965) and 
others (for example. Brown and Poulton, 1961) have suggested that there is a limited 
store of mental capacity. Carrying out a task under normal circumstances and within a 
narrow range of vibration -induced-stresses would take up a certain amount of this 
mental capacity. In order to perform under severe conditions of stresses, for example, 
in carrying out tasks of higher level of difficuhy would tax the mental capacity 
adversely until a point would reach when the spare mental capacity would get 
exhausted and thus performance decrements would appear to be quite pronounced. 
Findings of the present work indicated that so far as the effect of the organismic 
variable sex under the impact of vibration induced stresses is concerned, human 
performance found to have remained unaffected for the kind of the task investigated. 
As regards the vehicular vibration, it was found to be statistically significant for 
'cityway' and 'highway' conditions (study -1 and -3) while for the 'rural road' 
condition (study -2)the effect of vehicular vibration was found to be non-significant. 
The other variable of interest in the present set of studies was the organismic 
characteristic age. In the 'cityway' and 'rural road' environments of driving, age of 
the operators was found to be statistically significant (study -4 and -5) while it was 
found to be non-significant when driving was carried out on a 'highway' (study-6). 
The sex interacted with the power average of vibration level (study-1, -2, and -3) in 
the statistically non-significant manner. On the other hand, the interaction of age with 
vibration was found to be statistically significant (study-4, -5 and -6). Another 
important finding of the present work is that the organismic characteristic 'human 
laterality' emerged to be non-significant on 'cityway' and 'rural road' (study-7 and -
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8) while it was significant when the task was performed on a 'highway' (study-9) 
The interaction effect of laterality with vehicular vibration level was also statistically 
significant for 'cityway' and 'highway' driving environments while it was found to be 
statistically non-significant for the task carried out on a 'rural road' 
All the nine experiments conducted in this work indicated that the 
difficuky index level of a cognitive task was highly significant and needs to be given 
proper and due attention. It may be noted that the values of reaction time obtained 
under three independent driving environments were very precise and accurate because 
the human response measurement system was designed in such a way that the clock 
started with the stimulus given to the subjects and stopped automatically when the 
subject responded to the stimulus, presented to him/her thereby eliminating the 
chances of human error in the process of measurement Present research has yielded 
many aspects relating to vibration on different drive ways Many previous researches 
demonstrated the effects of vibration on the tracking performance of the seated 
subjects For example, Homick (1973) observed that the vibration effects were 
somewhat dependent on the difficulty of the tracking task, type of display and type of 
controller used The effects of vibration on tracking performance, however, did not 
end, with the cessation of the vibration, residual effects might last up to 30 minute 
after the exposure Age in studies -4 and -5 related to cityway and rural road driving 
respectively was found to be statistically significant where as in highway driving 
(study-6), the age did not emerge to be statistically significant The reason might be 
traced in terms of the fact that at highways people are relieved of mental tensions as 
regard to traffic and other environmental stressors while on cityways and rural roads, 
the operators have to be mentally alert all the time to avoid any mishappenings 
According to Kumashiro (1985), the biological and physiological functions in the 
humans generally reach their peak and tend to decline thereafler 
In the present work, an attempt was made to study the effect of 
laterality on human performance in the context of vibrations induced in humans in a 
driving environment In the area of ergonomics, it appears from the literature that 
laterality is yet not being considered as a variable of the study, while Wickens et al. 
(1981) suggested that through an arrangement of controls, where hemispheric task-
congruency is kept in view, designers can achieve important time sharing efficiency. 
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an important feature of the cognitive structure of the jobs Thus the findings of the 
present study as well as the previous studies like the one by Wickens et al stated as 
above, imply that in the study of cognitive loading of humans, laterality does play an 
important role 
Based on the findings of the experimental investigations presented in 
this Chapter, following general conclusions can be drawn 
1 In the cognitive task of the kind considered, the sex or gender of the subjects 
does not influence the human performance This also holds for the 
interactive effects of sex and power average of vibration level and sex and 
difficulty index level The interaction of power average of vibration level 
and difficulty index level, however, emerged to be statistically significant 
for all the three driving conditions when the organismic variable sex was 
considered The interaction of sex x power average of vibration level x 
difficulty index level found to be statistically non-significant The variable 
age also affects human performance on 'cityways' and 'rural roads' while it 
was found to be non-significant for 'highways' condition of driving 
However, the interactive effects of the age and power average of vibration 
level for all the three driving situations and age and difficulty index level for 
'rural road' and 'highway' environments of driving were found to be 
statistically significant At the same time, interactive effects of the age and 
difficulty index level for 'cityway' was found to be non-significant The first 
order interaction between power average of vibration level and difficulty 
index was found to be non-significant for 'cityway' driving condition while 
for 'rural road' and 'highway' driving environments the interaction emerged 
to be statistically significant for the organanismic variable age The second 
order interaction age x power average of vibration level x difficulty index 
level emerged to be significant in the context of the human performance in 
all the three conditions of driving Also, human laterality was found to have 
no significant effect on 'cityway' and 'rural road' but contributed 
significantly on 'highway' The interactive eff"ects of laterality and power 
average of vibration level for 'cityway' and 'highway' and laterality and 
difficuhy index level emerged to be significant for all the three driving 
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environments. The interactive effect of laterality and power average of 
vibration level for the 'rural road' environment of driving, however, was 
found to be statistically non-significant The interactive effects of power 
average of vibration level and difficulty index for cityway and rural road 
driving were found to be statistically non'Significant where as in highway 
driving condition the interaction was found to affect significantly. The 
second order interaction laterality x power average of vibration level x 
difficuhy index level was also found to be statistically non-significant. 
2. The power average of vibration level in nearly all the studies (except on 
rural roads when sex and laterality were considered as variables) emerged to 
be statistically significant. 
3. The level of difficuhy index was observed to be statistically significant in all 
the studies undertaken in the present work. Higher difficulty index levels 
required more time to respond when subjects performed the kind of task 
investigated under the impact of vehicular vibrations in all the three 
situations of driving 
The implications of these findings are presented in the next chapter 
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CHAPTER VI 
SUMMARY, CONCLUSION AND SCOPE FOR 
FURTHER RESEARCH 
In the late 20th century, there has been an unimaginable and explosive 
growth in the use of vehicles all over the world. The persons belonging to almost 
every strata of life either owns the vehicles or uses a leased vehicle very frequently. 
However, it appears that there has been perhaps insufficient level of efforts put in by 
the previous researchers to determine the adverse effects of the continual and 
excessive usage of the vehicles on human performance resuhing the performance 
deterioration due to the hazards associated with the traffic and driving environments. 
A review of literature related to the human performance under the impact of vibration 
(Chapter II) revealed several organismic factors to be of great importance from the 
view point of optimal design of human-vehicle system It was found that there 
remained a wide gap between what has been done in past and what is to be done in 
future, in the field of vibrations. In light of nature of this "gap" some experimental 
investigations were undertaken in order to narrow down this gap (Chapter IV). The 
general methodology for these studies is presented in Chapter III. Now through this 
chapter an attempt is made to present an overview of the findings of the studies 
conducted, some possible implications of these findings and finally, suggestions for 
future research. 
The nine studies presented in chapter IV investigated the effects of sex 
(study -1,-2 and -3), age (study -4, -5 and -6) and motor-sidedness (study -7, -8 and -
9) on human performance in the environment of vehicular vibrations when operators 
performed the cognitive task of varying levels of difficulty index. Following major 
conclusions were drawn on the basis of these studies. It was found that the variable 
sex on all the drive ways and variable age on highway driving do not constitute 
significant factors. However, the variable age on cityway and rural road emerged to 
be a significant factor. Human motor-sidedness, an important emerging variable in 
human performance engineering found to have a significant effect on highway driving 
while on cityway and rural road, the motor-sidedness was not affecting significantly. 
150 
The power average of vibration level emerged to be a significant variable in nearly all 
the studies (except two on rural road where it emerged to be statistically non-
significant) and needs to be given proper attention while designing human vehicle 
systems. In all the experimental investigations, the difFicuhy index level, within the 
range investigated, of the cognitive task appeared to be a significant factor in the 
ergonomic design of human -vehicular system. 
In the light of the above findings following observations are made. 
1. Proper and due importance should be given to vehicular vibrations while 
designing human -vehicle systems. As indicated by the literature reviewed, 
the performance decrement takes place in the presence of vehicular 
vibrations. 
2. The level of difficulty index in the cognitive task has a strong influence on 
human performance. The human-vehicle system should be designed by 
taking into consideration this finding. A user friendly human-vehicle system 
would help in reducing the chances of accident related hazards. 
3. It appears that not many studies have been undertaken in the past on human 
laterality as a variable specially in the area of human-vehicle interaction. 
Present study indicated that human motor-sidedness has a role to play in the 
design of vehicles running on highways. 
4. The finding that the age has an effect on human performance on cityways 
and rural roads is in line with the available literature on the topic. However 
the factor age on highways driving does not show any effect on human 
performance. This finding, it appears, is due to the fact that on highways the 
driving is performed in an atmosphere fi-ee firom traffic related 
environmental stressors. 
In the form of scope for future research, following suggestions are 
made: 
1. In all the experimental investigations undertaken in the present work, 
reaction time was measured under the influence of vehicular vibrations. It is 
suggested that future studies, should be carried out by taking varieties of 
traffic environment related noise level also into consideration. 
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Vibrations present in the vehicles depend upon a number of factors Hlce 
condition of road, tyres, suspension system etc, it is suggested that 
performance curves should be developed for all the conditions so that 
corresponding to each of these factors the range of the levels of vibration get 
pre-known 
A maximum total vibration of 2 66 m/s^ has been taken in the experimental 
investigations It is suggested that higher levels of vibration should also be 
investigated particularly in the context of the human performance So far as 
the present set of studies are concerned since the vibration level of vehicle 
increases with the increase in the speed of the vehicle and it could not be 
possible to run the vehicles at very high speeds due to the safety reasons, it 
is suggested that fiiture studies should be conducted v^hile running the 
vehicle on a test rig so that experimental investigations could be undertaken 
in simulated environment of driving thereby making it possible to conduct 
experiment at such speeds which are difficult to be manageable in the real 
life driving environment Due to lack of facilities and other limitations of 
the present work, this factor could not be taken in the present research 
Since the infants and children also travel in vehicles, and their muscular and 
skeletal system are not very tough, the effect of vibration on them should 
thoroughly be investigated of course in the range to be selected with utmost 
caution 
The effect of vehicular vibrations in the presence of other environmental 
stressors like humidity, temperature, air velocity etc also needs to be 
investigated 
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APPENDIX - A 
ANNEX'S INVENTORY ON MOTOR-SIDEDNESS 
FIRST TEST 
Please indicate which hand you habitually use (or would use) for each of the 
following activities by writing R (for Right), L (for Left), E (for Either) against each query. 
1. To write a letter legibly 
2. To throw a ball to hit a target 
3. To hold a racket in Badminton or Tennis 
4. To hold a match box while striking it with a match box 
5. To hold a broom while sweeping the home floor 
6. To cut with scissors 
7. To guide a thread through the eye of the needle 
8. To deal playing cards 
9. To hammer a nail on to a wood 
10. To the tip of the shovel when moving sand 
11. To hold the tooth brush while cleaning your mouth 
12. To unscrew the lid of a jar 
SECOND TEST 
Please indicate which foot you habitually use (or would use) for each of the 
following activities by writing R (for Right), L (for Left), E (for Either) against each query. 
1 
2 
3 
4 
To kick a ball 
To pickup a pebble with your toes 
To step upon a chair (which foot would you place on chair first) 
To put on your shoe (which foot would you put on a shoe first) 
Name 
Hall Name 
Volunteer to participate 
Age 
Room No. 
Sex. Male/Female 
Yes/No. 
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APPENDIX - B 
Model of the human body 
showing the main resonant frequencies in seated position 
ARM SHOULDER J 
SYSTJ 
f-SHz 
HEAD 
U f-20 Hz 
UPPER TORSO 
T 1 — 1 • — . — 
SVSTHM l ^ l ^ 
SPINAL COLUMN-
f-5 Hz 
PELVIS 
f-9Hz 
f-5 Hz 
V. 
1 
V THORACOABDOMINAL 
' COMPLEX 
f-3 H7. 
HIPS 
:i: C=3 
i 
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APPENDIX - C 
Figures of electronic components used in the fabrication of 
human response measurement system 
nii Ha] P21 nil ra m 
TiJ [jj lij ijj-
<)N0 
Figure c-1 Pin out diagram of 7404IC 
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00 1^ OY 
Figure c-2 Three input AND gate 
Figure c-3 Three input AND gate symbol 
€7' 
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Figure c-5 Seven segment indicator 
BCD input 
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APPENDIX- E 
INSTRUCTION SHEET 
(For the subjects taking part in experimental investigations 
related to vehicular vibrations in a driving environment) 
Dear Sir, 
You are welcome to Ergonomics Laboratory of Mechanical Engineering 
Department. Thanking you for your acceptance of my invitation for helping me in 
conducting present research. I request you to very kindly read the instructions carefully 
and act accordingly. 
1. Please be seated on the back seat of the test vehicle (Maruti 800). 
2. While you are on your seat, you will see the wooden board mounted on which three 
configurations of bulbs along with switches. The visual stimulus would be given to 
you by the experimenter and you have to respond to that stimulus by switching on 
the same coloured bulb. 
3. The experimenter would inform you before presenting the visual stimulus. 
4. In performing the task, you have to be in a normal sitting position i.e. no extra 
precautions are needed. 
For any further clarification, please do not feel hesitated in contacting the 
experimenter. 
Thanking you once again. 
( Mohd. Muzammil) 
Ergonomics Laboratory 
Department of Mechanical Engineering 
Aligarh Muslim University, Aligarh. 
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APPENDIX - 1 
Individual and mean reaction time values and standard deviation (in milliseconds) for male and female subjects while performing cognitive 
task having different difficulty index levels under varying power average levels of vibration in a cityway driving environment (Study-4). 
0^  
Age 
level 
(year) 
Level-1 
(20-30) 
Level -2 
(30-40) 
Level -3 
(40-50) 
Level -4 
(50-60) 
Subjects 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD ± 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD± 
1 
2 
3 
4 
5 
6 
7, 
Mean 
SD + 
1 
2 
-% 
J 
4 
5 
6 
7 
Mean 
SD.± 
Power 
Reaction Time (in ms) at different levels of vibration and three levels of difficulty (1,2, & 3) 
Avg. of Vib level -1 
(No Vibration) 
Difficulty Index Level 
1 
408 
537 
437 
601 
' 663 
574 
652 
553.14 
99.48 
509 
557 
477 
585 
469 
570 
544 
530 14 
45 68 
612 
676 
849 
995 
729 
767 
693 
760 14 
127 54 
802 
795 
778 
833 
814 
751 
812 
797,85 
26.80 
2 3 
583 613 
645 633 
518 584 
729 738 
549 695 
614 769 
578 712 
602.28 677.71 
80.97 68 81 
601 725 
698 928 
659 835 
790 818 
522 947 
583 903 
665 886 
645.42 863.14 
86.92 76 66 
642 601 
615 719 
862 916 
1003 1031 
817 902 
945 1003 
841 998 
817.85 881 42 
144 34 162 63 
975 1016 
891 976 
903 992 
976 963 
870 989 
889 1001 
937 1045 
920.14 997,42 
42.89 26 97 
Power Avg. of Vib. level -2 
(Total Vibration 0 94 m/s") 
Difficuhy Index Level 
1 2 3 
578 781 888 
538 541 881 
581 835 815 
667 783 818 
602 671 680 
653 813 846 
656 715 772 
610.71 734.14 814.28 
48 85 102.16 7156 
612 793 945 
613 637 891 
738 768 858 
691 725 799 
541 698 728 
656 791 783 
598 802 874 
635.57 744 85 839.71 
65 06 61 19 73 68 
548 728 967 
578 789 888 
540 687 1013 
709 833 992 
669 819 895 
583 764 916 
712 802 875 
619 85 774 57 935 14 
74 72 52 11 54 96 
842 931 995 
778 903 981 
815 1006 1038 
736 872 892 
854 960 993 
801 907 974 
768 885 926 
799.14 923.42 971.28 
4184 46 58 48.17 
Power Avg. of Vib. level -3 
(Total Vibration 1.82 m/s') 
Difficulty Index 
1 2 
539 707 
611 741 
603 695 
610 643 
542 625 
591 734 
625 792 
588.71 705.28 
34.47 57.81 
641 793 
633 702 
709 819 
569 742 
549 615 
695 717 
682 841 
639.71 747 
61 80 78 00 
638 659 
549 709 
796 898 
748 827 
695 793 
583 815 
742 846 
678 71 792.43 
9171 82 14 
834 876 
769 813 
785 801 
703 859 
691 828 
756 846 
832 799 
767.14 831,71 
56.32 29 68 
Level 
3 
829 
815 
830 
715 
698 
811 
901 
799.85 
70.61 
878 
791 
841 
797 
756 
725 
839 
803.85 
52.96 
849 
829 
1061 
978 
979 
• 893 
902 
927 28 
82 39 
938 
941 
885 
934 
911 
878 
896 
911.85 
26.27 
Power Avg. of Vib. level - 4 
(Total Vibration 2.66 m/s") 
Difficulty Index Level 
1 2 
519 709 
579 538 
439 738 
678 713 
547 739 
638 641 
563 634 
566.14 673.14 
78 10 73 31 
691 773 
507 639 
679 868 
638 771 
577 920 
730 834 
644 877 
638 811.71 
75.13 93 66 
519 613 
537 678 
773 893 
803 955 
638 788 
674 914 
702 860 
663.71 814 42 
108 45 127 67 
854 912 
739 871 
763 973 
891 954 
784 886 
847 891 
805 915 
811.85 914.57 
54 45 37.07 
3 
815 
996 
816 
728 
718 
902 
873 
835.42 
98 10 
907 
971 
893 
831 
994 
908 
865 
909.85 
56 78 
825 
938 
1012 
983 
892 
847 
931 
918.28 
68 30 
1013 
996 
968 
1031 
1045 
999 
1094 
1020.85 
40 79 
APPENDIX - J 
Individual and mean reaction time values and standard deviation (in milliseconds) for male and female subjects while performing cognitive 
task having different difficulty Index levels under varying power average levels of vibration in a rural road driving environment (Study-5). 
^ 
Age 
level 
(year) 
Level -1 
(20-30) 
Level -2 
(30-40) 
Level -3 
(40-50) 
Level-4 
(50-60) 
Subjects 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD + 
1 
2 
3 
4 
5 
6 
7 
Mean 
S D ± 
I 
2 
1 
4 
5 
6 
' 7 
Mean 
SD ± 
1 
2 
3 
4 
5 
6 
1 
7 
Mean 
SD ± 
Power 
Reaction Time (in ms) at different levels of vi 
Avg of Vib level -1 
(No Vibration) 
Difficulty Index Level 
1 
477 
459 
538 
439 
532 
511 
476 
490 28 
37 49 
692 
638 
613 
639 
616 
645 
674 
645 28 
28 86 
791 
767 
852 
943 
795 
816 
874 
834 
60 53 
791 
835 
822 
915 
878 
942 
767 
850 
64 35 
2 3 
651 712 
687 649 
627 728 
458 733 
592 673 
603 714 
577 685 
599 28 699 14 
72 64 30 99 
813 829 
764 811 
736 789 
723 741 
712 756 
802 815 
795 827 
763 57 795 42 
40 77 34 89 
917 1116 
838 1069 
922 1188 
897 1035 
857 993 
841 1007 
903 1014 
882 14 1060 28 
35 89 70 28 
815 936 
875 978 
901 1009 
978 1012 
967 997 
983 1088 
954 1089 
924 71 1014 85 
63 18 55 94 
Power Avg ofVib level-2 
(Total Vibration 0 94 m/s^ ) 
Difficulty Index Level 
1 2 3 
608 639 648 
454 726 792 
637 649 835 
547 613 842 
556 702 813 
591 742 794 
497 678 763 
555 71 678 42 783 85 
63 84 47 54 65 71 
• 679 834 939 
637 782 854 
579 828 967 
681 799 998 
699 834 924 
651 773 945 
569 719 881 
642 14 795 57 929 71 
50 89 4197 49 17 
843 985 1040 
855 916 1113 
893 929 1114 
817 918 1)90 
832 848 949 
859 942 1078 
871 961 1002 
852 85 928 42 1069 42 
25 16 43 16 80 01 
812 852 915 
767 836 943 
881 902 967 
865 986 1003 
903 995 1028 
875 974 1086 
804 957 998 
843 85 928 85 991 42 
49 67 65 47 56 62 
bration and three levels of difficulty (1,2, & 3) 
Power Avg ofVib level-3 
(Total Vibration 1 82 m/s^ ) 
Difficulty Index Level 
1 2 3 
469 568 884 
501 692 836 
639 678 807 
583 643 829 
612 742 875 
587 687 901 
568 745 897 
565 57 679 28 861 28 
60 29 60 79 36 93 
748 936 978 
726 919 1003 
809 969 999 
718 829 981 
708 845 902 
713 927 1009 
761 895 983 
740 42 902 85 979 28 
35 81 50 30 36 11 
807 1038 1058 
853 1063 1195 
847 983 1038 
917 1022 1191 
816 917 984 
902 993 1116 
849 946 1133 
855 85 994 57 1102 14 
40 77 5137 79 24 
837 897 1045 
881 945 1123 
855 994 1174 
936 1053 1195 
884 986 1084 
913 1066 1089 
895 973 1076 
885 85 987 71 1112 28 
33 41 58 74 54 69 
Power Avg ofVib level-4 
(Total Vibration 2 66 m/s^ ) 
Difficulty Index Level 
1 2 
569 829 
631 781 
589 870 
675 812 
544 742 
681 878 
581 759 
610 810 14 
53 26 52 68 
768 906 
895 963 
769 981 
841 973 
708 807 
812 841 
795 879 
798 28 907 14 
59 58 68 44 
941 1029 
870 1153 
972 1061 
859 1022 
917 988 
878 1063 
913 997 
907 14 1044 71 
40 88 55 64 
873 991 
905 1024 
942 1063 
854 947 
927 1088 
884 1004 
931 1046 
902 28 1023 28 
33 02 47 46 
3 
868 
902 
953 
961 
933 
897 
803 
902 42 
54 80 
997 
1058 
1031 
1006 
993 
1016 
923 
1003 42 
41 87 
1130 
1189 
1203 
1217 
1028 
1145 
1074 
1140 85 
69 90 
1033 
1167 
1202 
1148 
1193 
1176 
1208 
1161 
60 17 
APPENDIX - K 
Individual and mean reaction time values and standard deviation (in milliseconds) for male and female subjects while performing cognitive 
task having different difficulty index levels under varying power average levels of vibration in a highway driving environment (Study-6). 
Age 
level 
(year) 
Level -1 
(20-30) 
Level -2 
(30-40) 
Level -3 
(40-50) 
Level -4 
(50-60) 
Subjects 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD± 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD + 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD ± 
1 
1 
2 
3 
4 
5 
6 
7 
Mean 
SD ± 
Power 
Reaction Time (in ms) 
Avg ofVib le\el -1 
(No Vibration) 
Difficulty Index Level 
1 
469 
465 
665 
531 
583 
601 
597 
558 71 
73 86 
642 
635 
543 
642 
569 
627 
594 
607 42 
39 45 
601 
622 
665 
595 
617 
581 
579 
608 57 
29 75 
712 
735 
701 
742 
709 
763 
699 
721 00 
24 09 
2 3 
603 809 
527 825 
717 843 
693 798 
708 " 812 
658 871 
625 805 
647 28 823 28 
67 91 25 73 
747 798 
722 725 
637 759 
655 662 
650 713 
716 801 
681 774 
686 85 747 42 
42 02 50 42 
693 721 
775 820 
717 783 
735 803 
684 776 
723 784 
741 817 
724 00 786 28 
30 61 33 52 
835 949 
801 904 
815 856 
852 878 
820 843 
797 931 
802 895 
817 42 893 71 
20 17 38 28 
Power 
at different levels of vibration and three levels of difficulty (1,2, & 3) 
Avg of Vib level -2 
(Total Vibration 0 94 ni/s") 
Difficulty Index Level 
1 
542 
484 
475 
563 
511 
493 
488 
508 
32 86 
578 
601 
584 
642 
515 
589 
631 
59142 
4142 
618 
602 
658 
713 
722 
689 
624 
660 85 
48 16 
746 
730 
803 
797 
732 
813 
784 
772 14 
35 23 
2 3 
825 998 
733 948 
772 895 
745 822 
691 802 
677 837 
716 878 
737 882 85 
50 34 70 73 
825 898 
745 803 
733 753 
713 835 
651 791 
774 876 
812 864 
750 42 83142 
59 89 5177 
758 898 
730 817 
772 845 
825 891 
754 852 
763 878 
813 885 
773 57 866 57 
33 75 29 41 
877 868 
819 851 
912 946 
815 932 
855 912 
931 953 
884 897 
870 42 908 42 
43 93 38 79 
Power Avg of Vib level -3 
(Total Vibration 1 82 m/s") 
Difficulty Index Level 
1 2 3 
502 822 838 
498 868 886 
609 832 928 
548 801 829 
591 791 872 
533 836 930 
566 807 873 
549 57 822 42 879 42 
42 26 25 94 39 40 
758 838 875 
767 791 836 
642 668 774 
656 779 826 
722 732 801 
751 845 863 
699 784 828 
713 57 776 71 829 
49 91 6123 34 49 
763 813 894 
749 811 905 
782 807 863 
801 845 851 
747 831 864 
793 816 885 
767 868 872 
77171 826 85 876 28 
20 98 2196 19 05 
724 842 923 
800 876 939 
731 839 922 
756 848 937 
816 877 917 
822 848 902 
837 875 933 
783 71 857 85 924 71 
46 05 17 27 12 97 
Power Avg of Vib level-4 
(Total Vibration 2 66 rn/s^) 
Difficulty Index Level 
1 2 3 
638 814 889 
574 823 932 
633 827 901 
565 763 917 
597 788 875 
541 801 894 
622 816 935 
595 11 804 57 906 14 
37 14 22 64 22 57 
712 845 856 
681 Sa3 802 
611 753 890 
767 805 873 
632 721 937 
783 792 905 
642 723 864 
689 71 777 42 875 28 
67 14 46 43 42 39 
748 825 926 
719 831 956 
733 854 942 
835 922 983 
754 883 895 
809 897 923 
749 903 974 
763 85 873 57 942 71 
42 09 37 42 30 88 
793 905 1022 
753 931 1043 
744 947 995 
721 882 977 
725 895 1071 
780 927 1064 
773 876 993 
755 57 909 1023 57 
27 60 26 71 36 93 
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APPENDIX - O 
Japanese Industrial Standard JIS C1510-1976 
Vibration Level Meters 
1. Scope 
This Japanese Industrial Standard specifies vibration level meters to be used 
for the measurement of vibration levels applicable to field vibration survey of vibration 
pollution and working environment (in factories). 
Remarks 1. Vibration level described here is certain fi^equency and time weighted 
vibration acceleration levels and used as an evaluation scale for the 
purpose of rating the whole body vibration. 
2. Vibration level shall be indicated in decibel (dB) and the kind of 
fi-equency weighting characteristics corresponding to human 
vibration sensation to vertical and horizontal vibrations, which is 
used in the measurement, shall also be indicated when quoting the 
vibration level. 
Example: Vertical 60 dB or 
Horizontal 60 dB 
2. Definitions 
For the purpose of this standard, the following definitions shall apply: 
(1) Vibration level: Vibration level in decibels (dB) is 20 times the logarithm to the base 
ten of the ratio of a weighted vibration acceleration to the reference vibration 
acceleration. The vibration acceleration (a) is weighted in accordance with one of 
the frequency weightings to simulate the human vibration sensation to the whole 
body vibrations in vertical and horizontal directions and is expressed in r m s value 
The reference vibration acceleration is 10'^  m/s .^ This weighted vibration 
acceleration level can be calculated from the following equation using the frequency 
response shown in Table 1 and Figure. 
a = \£ a „\10 "^'•" ] 1/ 2 
where an : the r.m.s. value of the frequency component at n Hz of the vibration 
acceleration 
Cn : the relative response at the frequency of n Hz (Table 1) 
When the frequency response is constant in the measuring frequency range 1 to 
90 Hz (c„=0, given in Table 2), the value of 20 logio (a/ao) is defined as vibration 
acceleration level and shall be indicated in dB. 
(2) Sensitive axis: A sensitive axis denotes the direction in which the vibration pickup 
shows the maximum sensitivity. 
(3) Transverse sensitivity: A transverse sensitivity indicates the sensitivity of the 
vibration pickup in an arbitrary direction rectangular to the sensitive axis. 
IR? 
Table 1. Total Frequency Response for Frequency Weighting Characteristics 
Corresponding to Human Vibration Sensation 
Frequency 
Hz 
1 
2 
4 
6.3 
8 
16 
31.5 
63 
90 
Vertical vibration Characteristics 
Relative response 
dB 
-6 
-3 
0 
0 
0 
- 6 
- 1 2 
- 1 8 
- 2 1 
Tolerance 
dB 
+ 2 
- 5 
±2 
±1.5 
±1 
0 
- 2 
± 1 
± 1 
+1 
- 2 
+1 
- 3 
Horizontal vibration Characteristics 
Relative response 
dB 
3 
3 
- 3 
-7 
- 9 
-15 
-21 
- 2 7 
- 3 0 
Tolerance 
dB 
+2 
-5 
+ 2 
±1.5 
± 1 
± 1 
± 1 
± 1 
+1 
- 2 
+1 
- 3 
Table 2. Total Frequency Response for Constant Frequency Characteristics 
Frequency 
1 
2 
4 
6.3 
8 
16 
31.5 
63 
90 
Relative response 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Tolerance 
dB 
+2 
-5 
± 2 
±1.5 
± 1 
±1 
±1 
±1 
+1 
- 2 
+1 
- 3 
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3. Construction 
3.1 General Construction: A vibration level meter consists of components 
described in subcaluses 3.2 to 3.4 and shall have the structure which is easy to 
handle and is not affected by environmental change of temperature, humidity 
and wind. Since large sound pressure is possible to be detected by a vibration 
acceleration pickup of the vibration level meter, noise shall not influence 
reading of its indicator during measurement Effects of magnetic and 
electrostatic fields on the vibration level meter shall be reduced as far as 
practical. 
3.2 Vibration Pickup: A vibration pickup of the vibration level meter shall possess 
a structure which can be set on the ground 
3.3 Frequency Weighting Network: A vibration level meter shall have a frequency 
weighting network to simulate the fi-equency characteristic of human vibration 
sensation either to vertical vibration or to horizontal vibration, or to both of 
them. The characteristic of the network shall have total frequency response 
indicated in Table 1 and Figure. 
Remarks 1. The constant frequency char?-:teristics shown in Table 2 allow a 
vibration level meter to indicate the vibration acceleration level, when 
provided. 
2. The frequency response below 1 Hz or above 90 Hz, beyond the 
specified frequency range in Table 1, Table 2 and Figure should 
preferably have the cut-off rate of more than 12 dB/ oct. 
3.4 Detector-Indicator and Attenuator: A detector-indicator of the vibration level 
meter shall have the r.m.s characteristic to the signal. Its scale shall be 
graduated in steps not greater than 1 dB over an effective scale range (1) of at 
least 15 dB. An attenuator shall have setting ranges of 10 dB steps over the 
effective scale range for indicators scaled under 30 dB. 
Test Conditions 
4.1 Mechanical Vibration Test: Sinusoidal mechanical vibrations are used in the 
vibration test. The vibration pickup shall be set on the vibration table without 
fixing. 
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4.2 Electric Test: Sinusoidal electric signals are employed in the electric test. 
The test signal shall be applied to the input of the vibration level meter under 
the condition that the vibration pickup or an electric impedance equal to that 
of the vibration pickup is connected The condition indicates that the test 
electric signal is substituted for an open-circuit electromotive force of the 
vibration pickup. 
4.3 Reading Method for Indicator: The maximum value shall be read on the 
indicator of vibration level meter in the low frequency range where the meter 
pointer fluctuates periodically. 
Performance 
5.1 Frequency Range: The frequency range of the vibration level meter shall be 
from 1 Hz to 90 Hz 
5.2 Sensitivity: Sensitivity of the vibration level meter shall meet the 
requirements of the tolerance indicated in Table 1 and Figure in the specified 
frequency range The test shall be carried out by feeding the mechanical 
vibration in vertical or horizontal direction at the frequencies of 1, 2, 4, 6.3, 
8, 16, 31.5, 63 and 90 Hz. The electric test is allowed below 4 Hz. 
5.3 Transverse Sensitivity of Vibration Pickup: Sensitivity difference between 
the cross axis and the sensitive axis of the vibration pickup shall be more 
than 15 dB in whole frequency range specified. The test shall be made at 
least two frequencies of 6.3 Hz and 31.5 Hz. 
5.4 Detector-Indicator Characteristics 
5.4.1 Scale Error: A graduated scale error of the indicator shall be within ± 
0.5 dB at the usual reference scale point of 85 dB at the frequencies 
of6.3Hzand31.5Hz 
The instrument is set to the frequency weighting 
characteristics for vertical vibration. The attenuator is controlled to 
the setting possible to measure 85 dB level near the full scale of the 
indicator. The indicating error shall be measured for increase or 
decrease of the input signal level at every 5 dB from the reference 
level of the electric input 85 dB. When the effective scale range of 
the indicator is more than 30 dB, the test shall be performed similarly 
by the test method described above 
5.4.2 Dynamic Characteristics of Indicator When single sinusoidal bursts 
at the frequency 31.5 Hz with a duration 1 second are fed to the input 
of the instrument, the maximum indication for the burst signal shall 
be -1.0 t^il dB compared with the indication for the stationary input 
signal with the same frequency and amplitude 
An overshoot of the indicator shall be tested using a stationary 
sinusoidal signal at the frequency 31.5 Hz, that is suddenly applied 
and thereafter held constant. The maximum reading shall not exceed 
the final steady reading by more than +1 dB. 
The instrument is set to the frequency weighting 
characteristics for vertical and horizontal vibrations and the 
attenuator is adjusted to the setting to be able to measure 100 dB 
level. The electric input signal shall be used. The test shall, generally, 
be performed at the reading of the indicator 2 dB and 10 dB less than 
the full scale. When the available scale range of the indicator is more 
than 30 dB, the tests of onset transient characteristic and overshoot 
shall be performed at 2 dB and 20 dB below the upper limit of the 
indicator range. 
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5 4 3 Compound Vibration Characteristics Double component vibration, 
in which each component level is the same on the indicator, is fed to 
the input of the instrument Its reading shall be larger by 3 ± 0 25 dB 
than that for single vibration 
The instrument is set to the frequency weighting characteristics for 
vertical vibration and the attenuator is controlled at the setting 100 
dB The two electric signals at 20 Hz and 25 Hz which give the same 
reading on the indicator respectively shall be applied simultaneously 
The difference of reading on the indicator shall be obtained between 
single and double application of these two signals For performing of 
the test, the indicator shall generally, be set at the two levels which 
are 4 dB and 7 dB less than the full scale respectively when the single 
signal is applied When an effective scale range of the indicator is 
more than 30 dB, the test shall be performed at the two levels which 
are 4 dB and 17 dB less than the full scale respectively 
If a vibration level meter provides the frequency weighting device for 
horizontal vibration as the independent system, the test shall be made 
similarly with this test method 
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APPENDIX - P 
Details and Specifications of 
Vibration Level Meter and Vibration Pickup 
1. Outline and Features 
This vibration level meter Model VR-5100 ( ONO SOKKl Co Ltd Japan) 
conforms to the Measurement Law of Japan and the Japanese Industrial Standards, JIS 
C1510-1976 and is used for measuring 3-direction vibration levels and vibration acceleration 
levels In addition, this instrument can be used for the following measurements 
1 Time rate level of vibration level or vibration acceleration level 
2 Power average of vibration level or vibration acceleration level (which is referred to 
hereafter as equivalent vibration level, derived from the term equivalent noise level of the 
sound level meter) 
3 MAX value of vibration level or vibration acceleration level 
4 The maximum value either in a second or in a given amount of time is displayed 
5 Peak values of impact type vibration acceleration 
6 Data control and print out through RS-232C interface 
The large digital LCD display of this vibration level meter enables easy reading 
of level indications with all measuring conditions displayed at the same time The bargraph 
indication enables the user to recognize level fluctuation directly 
This vibration level meter, which processes the rms value circuit and other 
circuits in digital, can calculate time rate level and power average in three directions 
simuhaneously Also, this instrument can send data of DC level output in three directions 
simultaneously to a 3-channel pen recorder 
2. Terms 
i) Vibration Level: Lv 
This is a measurement unit evaluating body vibrations specified in JIS CI510-1987, and it is 
expressed in dB If the reference vibration acceleration is, 
ao=10"^m/s^ 
The vibration level Lv is defined by the following formula, 
Lv = 20 logio a/a" 
Where "a" is the rms value of the vibration acceleration calibrated with the vibration 
sensitivity compensation 
ii) Vibration Acceleration Level: Lva 
This is applied to the vibration acceleration level with flat frequency 
characteristics ranging from 1 to 90 Hz 
iii) Time Rate Vibration Level: Lx 
This is used when vibration levels fluctuate widely and irregularly When the 
number of data exceeding a certain vibration level amounts to x% of the whole data, this 
vibration level is called Lx Lx can be calculated either from the number of data or the 
cumulative frequency curve For example, Lio = 70 dB means that 10% of the whole 
vibration measured in a specified period of time exceeds 70 dB 
iv) Power Average of Vibration Level: Leq 
When vibration levels fluctuate, it is usefiil to use a power average of the 
vibration level (equivalent vibration level) Leq An equivalent vibration level "Leq" means 
the power average of the amount of vibration measured in a specified period of time Leq can 
be calculated with the following formula 
f A n \ 
/ l O Le, =10 log J - X 10^' 
V ' ' ^ = 1 
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where, "n" is the number of data which was sampled with equal imervals in a specified 
measurement time, and Li is the vibration level. In particular, when "Li" represents a 
vibration acceleration level, it is called an equivalent vibration acceleration level. 
3. Configuration 
This vibration level meter is composed of a vibration pickup Model NP-7210 
and a calculation display unit Model VR-5100 which includes a vibration sensitivity 
compensation circuit, as shown in Figure P-1 
(extenal signal) 
Figure P-1 Block diagram of vibration level meter 
4. Vibration Pickup 
The vibration pickup contains three independent shear type piezoelectric 
elements for detecting acceleration signals in the vertical z direction and the horizontal x and 
y directions and the charge amplifiers. Signals charged in proportion to their acceleration are 
converted to vohage signals by the charge amplifier and sent to the input stage of the 
calculation display unit via a cable. 
5. Calculation Display Unit 
i) Input Section 
The maximum cable length is 100 m between the vibration pickup and the 
calculation display unit. A cable as long as this may cause a problem of inducted noise 
(mainly, induction of commercial power source frequencies), depending on the 
environmental condition of the cable path. Shielding cables will improve this problem, but 
effects of the magnetic field will not be reduced. Usually, the inducted noise appears in the 
signal line and common line as in-phase signals. Therefore, this unit employs a differential 
amplifier set at the first stage and a twisted pair signal cable, thus leading to great common-
mode rejection ratio (usually, 90 dB at 50 Hz) and eliminating the influences exerted by the 
inducted noise. 
ii) Calibration Signal 
This unit can generate signals for calibrating the main unit electrically The 
frequency of this signal is 31.5 Hz. 
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Hi) AD Conversion 
Conventional level meters perform square root, average and logarithm 
calculations using analog circuits Therefore, they need three calculation circuits to measure 
three channels simultaneously This instrument, in contrast to conventional meters, performs 
AD conversion at sufficiently higher frequency than the measured frequency and calculates 
data in digital. This enables calculation error be minimized and allows three channels to be 
calculated simultaneously without any time difference. 
The dynamic behaviour specified in the Measurement Law of Japan can be 
expressed in the following expression 
The time constant derived from the expression is; 
-1.0^5 =10xlogio{l-e-*'^} 
T = 0.6323 second. 
The calculation display unit performs digital calculations equivalent those made 
by the RMS circuit with this time constant, renewing in data for subsequent calculations with 
processed data every 10 ms. 
iv) Calculation Display 
Analog data converted to digital goes through the following calculation processes and are 
finally expressed in terms of vibration level; 
RMS processing Data are square rooted and averaged exponentially with a 
specified time constant. 
Logarithm conversion: Data are converted to dB. 
DA conversion. Data are converted to analog for DC output 
The above calculations are processed by a 16 bit micro computer. Measured 
values and measurement conditions are displayed in a segment type LCD 
v) AC Output 
Input signals are driven to the vibration sensitivity compensation circuit, 
amplified, and listed as AC signals from the buffer amplifier. 
vi) DC Output 
While only one channel DC outputs is available with conventional vibration 
level meters because calculations are performed by analog circuits, the digital calculation 
method of this instrument enabled the use of a three channel DA converter to obtain DC 
outputs The DC output resolution is 0.1 dB and calculation results (normal DC output) are 
being produced at any time. 
6. Vibration Sensitivity Compensation Characteristics 
While measuring a vibration 
level, signals are compensated with 
vibration sensitivity characteristics 
according to the measurement law 
(JIS is applied to the horizontal 
direction) to calculate the vibration 
level. Figure P-2 Shows the 
characteristic curve of vibration 
sensitivity compensation When 
measuring a vibration acceleration 
level, the characteristic of the 
frequency range from 1 Hz to 90 Hz 
should be flat To remove the 
influence of unwanted noise from 
frequency at 90 Hz and up, this 
instruments is equipped with the 1^ 
order batter worse low pass filter with -,. _ ^ _,.. ^. .^ . .. ^^„„„n««t;nn 
•^  Figure P-2 Vibration sensitivity compensation 
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7. Relation between Vibration acceleration Level and Acceleration 
As a vibration acceleration level is calculated from the flat frequency 
characteristics of 1 Hz to 90 Hz, it is possible to determine a acceleration value (rms value) 
from the vibration acceleration level Figure P-3 shows the relations betu'een the vibration 
acceleration level and the acceleration value 
« K 
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• M< 
-
— / -
m 
— 2r 
—^  
- / 
. 
Vibration acceleration level (dB) 
Figure P-3 Relations between vibration acceleration level and acceleration 
8. Installation of Vibration Pickup 
i) Measuring Method 
In principle, set the direction of the sensitivity axis of the vibration pickup for three 
directions, the vertical direction, and two horizontal directions set at right angles to each 
other The vertical direction is Z, the horizontal directions are X and Y Two methods for 
determining the horizontal X and Y axes are available, (a) based on the measuring point and 
(b) based on the direction of movement of the vibrating source 
Movng diredion ol 
vibration source 
I 
Mov*ng (fraction 
Z direction 
Xdiraclion 
I=P X direction 
Y direction 
@ Xtfrecton ^ ^ XdrecHon^^ XdreOwn 
Ytfreckon Y direction 
Figure P-4 (a) Based on the measuring point (b) Based on the direction of movement 
of the vibrating source 
ii) Installation of the Vibration Pickup 
(a) The vibration pickup shall be placed on a flat and hard surface (e g trodden 
ground, concrete surface, asphalt) 
(b) If the place of installation is too soft (eg field), tread the ground 
sufficiently and install the vibration pickup by pressing it on the ground A 
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9. Prior to Measureip^ent 
1 Pressing the CAL/PRINT switch brings the system to the calibration mode 
without any ettect on the previous measurement condition The display shows 
"CAL", a calibration mark at the upper left comer, and "^mark; a calibration 
level mark at the bar graph 
2. Set the measuring range to 60-110 dB 
3. Set the display select switch to X 
4. Now, adjust "ADP' so that the vibrating 
direction currently displayed is to 100.0 
dB. The bar graph is also set to the ^ 
position. The above operation can also be 
done in the vibration acceleration mode 
and external input mode 3 2 
5. Set the display select switch to Y and Z, and repeat the procedure of No.4 
respectively. 
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6. To return to the measurement mode, press the CAL/PRINT switch again. 
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^litxation status 
External signal 
mput indication 
Lx measurement 
indication 
'ibratmg direction 
idication 
MEASUREMENT 
i) Display Section 
The following shows the segment pattern of the display, each segments can be 
displayed when necessary. 
Measurement status Measurement mode 
Measurement condition and 
current value of LxILeq 
• • II H 
iQALi 
[U.OJJJS./.OAJM 
:Gci iPEAK !RS-232Cr 
\ mLvaas iOu,um 
p^n msM njn\ 
liiieiiiiiilii liiiiiiiliiiiiiiiiiliiiiiiiifilmiqiiiil 
Low voltage mark 
RS-232C ON indication 
Measured value indication 
Range indication 
Range UI^ DER indication Range OVER indication Calitxation level mark 
ii) Measurement of Power Average 
To calculate the power average level for each of the vibration level modes, 
vibration acceleration level mode and external input mode, press the | L/Lx/Leg [ 
swdtch to set the level mark in the display to "Lv'^ or Lva* .^ The following is 
an example of measurement procedure based on the condition specified below-
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Vibration Measurement Axis Vertical (Z) 
Measurement Mode: Vibration level (Lv) 
Instantaneous value (INST) 
Measuring range: 60-110 dB 
The above figure shows^hp initialized state of 
display at the time when 
is pressed . In the initial 
L/Lx/Leq the switch 
setting, the preset time 
IS pressea . xn me mmai acmng, u>v. ^ ^^ ^^ ^ 
of measurement is 24 hours and the displayed Figure (i) Example of 8 hour 
value of Leq is 0 dB. However, after a second measur m 
measurement, previous values will be displayed 
for these two values. 
Presetting Measurement Time 
Every time the following ordet 
24hrs 
Leq/Time 
switch is pressed, the preset value rotates in the 
> 10 sec. > 1 min > 5 min -> 10 min. 
- > 15 min. > 1 hr. 8hrs. —> 24 hrs. 
Figure (i) is shows an example with measuring time of 8 hrs 
Measurement Start 
Press the ISTART/RESET)^^^^^ ^^  ^^^ measurement. 
The state of display at the fnoment is shovra in Figure 
(ii). The level indicates the power average from the start 
to the present. The elapsed time is shown in the upper 
right and the measuring state is shovra by ^ ^ in the 
upper left of the display. Figure (ii) 51 Seconds after the 
start of measurement 
Pause 
To pause the data sampling during measurement, press 
the PAUSE/CONT switch 
Data sampling is interrupted with data up to the present 
maintained. A pause mark of I I appears in the upper [hnimiiihiiiimnlmniiiiilumin I 
left of the display. Figure (iii) shows the state of this 
Figure (ill) Pause condition 
moment. ° , ^ ' 
Restarting 
Pressing the 1 P^^SE/CONT | ^^^^^ ^^^^^ ^g^jn in 
PAUSE continues the measurement, adding newly 
measured dai 
Pressing the 
e. 0.0' 
WST 
B 
50 
L eg V 33.S dB 
switch in PAUSE clears Uuuiiiiiliiniiiinliiiuniiilmin I 
(le measurement. 
/ M 
Figure (iv) Measurement end 
START/RESET 
the sampled data and restarts t 
Measurement End 
An end mark'n appears when the measurement is completed. Figure (iv) shows a 
display example at this moment 
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11. Outline 
Using the RS-232C interface, the VR-5100 can exchange commands and data 
with a computer It is also possible to use the RQ-110 optional printer to print the measured 
data 
Transfer Protocols 
Transfer Method Random 
Transfer Speed 9600 bps fixed 
Character Length 8 bits 
Parity Check None 
Stop Bit 1 bit 
Control Line Hard flow control using RTS and CTS 
(No XON/XOFF control) 
12. Specifications 
VBRATION LEVEL METER 
Applied Standard 
Japanese Industrial Standards JIS C 1510-1976 and the measurement law of Japan 
Measured items 
Vibration level, vibration acceleration level, the time rate level and power average of 
vibration level and vibration acceleration level, the peak level of vibration 
acceleration level 
Sensor 
Piezoelectric shear-type acceleration pickup 
Measuring Method 
Three directions vertical (Z) and Horizontal (X & Y) 
Sensitivity 1 Vrms/10 m/s^  
Connection with the Main Unit 
Standard 5 m cable (optionally extendible up to 100 m) 
10 m (AG-3702) 30 m (AG-3703) 100 m (AG-3704) 
(Line Input) BNC Variable range 20 dB 
Measuring Range and Frequency Characteristics 
Measuring Level Range 30 to 120 dB 
Measuring Frequency Range 1 to 90 Hz 
Frequency Characteristics 
Vibration Sensitivity Compensation Characteristics 
Vertical vibration characteristics and horizontal characteristics 
conforming to JIS and the measurement law of Japan 
Flat Characteristics Vibration acceleration level conforming to JIS (18 
dB/oct for 1 HZ and under, over 90 Hz is 
interrupted at 42 dB/oct 
Level Range 
Switched among five ranges 30 to 80 dB (80 dB range) 40 to 90 dB (90 dB range) 
50 to 100 dB (100 dB range) 60 to 110 dB(l 10 dB range) 
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Dynamic Range 
65 dB (bar graph 50 dB, 10 dB in the upper direction, and -5 dB in the lower direction) 
Measuring Mode 
INST (instantaneous value), MAX (the maximum value in a second), 
MAX HOLD (the maximum held value), PEAK, PEAK-HOLD 
Dynamic Characteristics 
Time constant 0 63 sec 
Sampling Period 
AD (for PEAK as well) 618 i^sec 
Display period INST, MAX 1 s 
MAX, MAX HOLD 10 ms 
Display Unit 
Display 
Display Channel 
Digital Display 
Bargraph Display 
Over Indication 
Display duration 
Under Indication 
Display duration 
Low Voltage Warnin 
Segmented type LCD (with a light for measurement at night, 
timer-operated for 10 sec ) 
1 channel (either X, Y or Z direction is selected) 
True effective value 
Display range 65 dB, 3 5 digits 
Resolution 0 1 dB 
Display period 1 sec 
Display range 50 dB, 
Resolution 2 dB 
Display period 0 1 sec 
For overload of the selected channel or the amplifier 
"OVER" is displayed for an input 10 dB above the upper limit 
the bargraph 
Normal measurement about 1 sec 
Lx, Leq until the data is cleared 
For underload of the selected channel 
"UNDER" is displayed for an input of 10 dB below the upper 
limit of the bargraph 
Normal measurement about 1 sec 
Lx, Leq until the data is cleared 
The battery mark appears on display at 4 V or under It blinks 
when measurement is disabled The vohage of battery is 
displayed by the bargraph for 1 second after CAL is completed 
(The lower limit of the bargraph is 2 V and upper, 7 V) 
OVER Indicators 
OVER indicator for each channel is turned ON at the same conditions as the OVER 
indication for normal measurement 
Time Rate Level 
Calculated based on cumulative frequency distribution Data are measured simultaneously 
in each of three directions under the same sampling condition, and displayed channel by 
channel Both set condition and results are displayed 
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Sampling Interval Preset to 0 5, 1, 2 or 5 sec 
No of Samples Preset to 50, 100, 250 or 500 points. 
Or any number under 500 in manual setting 
(PAUSE is used) 
Resolution of Calculation 0 2 dB 
Display during Measurement Instantaneous value 
Display of Results Following results of cumulative frequency 
distribution, 
MAX and MIN of sample values LHI, LLO 
Upper end value and lower end value in 90% range L5, L95 
Upper end value and lower end value in 80% range Lio, L90 
Central value L50 
Power average in the period Leq 
Pause and continuation of measurement Use PAUSE 
Power Average 
The squared average of levels within a specified period is calculated The sampling 
condition is as follows The level indication symbol is specified as Leq according to sound 
level meters 
Sampling period 10 ms 
Measuring period Preset to 10 sec, or 1, 5, 10 or 15 minutes, 1,8 or 
hours or any value in manual setting (PAUSE is used) 
Display during Measurement Power average up to the present 
Pause during Measurement PAUSE may be used 
Calibration 
Electrical calibration using the internal oscillator 
(Sign wave 31 5 Hz ±10%) 
The calibration point C^) is indicated above the bargraph 
DC 0 V can be output by turning ON the light during calibration 
Output 
3 channel simultaneous AC or DC output (mini jack) 
AC Full scale 
Output impedance 
Load resistance 
Dynamic range 
0 7Vrms 
6oon 
lOkfimin 
75 dB 
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13. Specifications for Vibration Pickup 
Structure 
Sensing Direction 
Frequency Range 
Sensitivity 
Max Measurable Acceleration 
Impact Resistance 
Output Impedance 
Load 
Driver Power 
Side Sensitivity 
Noise Level 
Environmental Resistance 
Operating Temperature Range 
StorageTemperature Range 
Dimensions 
Weight 
Supports 
Connection 
Piezoelectric shear-type pickup 
Z vertical, X horizontal, Y horizontal 
(independent three directions) 
1 to 90 Hz (±0 3 dB) 
0 5 to 200 Hz (± 1 dB) 
100 mV/m/s^ ±0 3 dB (31 5 Hz) 
3 5G 
500G 
Internally equippedwith a pre-stage amplifier 
(100 n max) 
Usable with a 100 m cable (optional) 
Voltage +15V, 
Consumption power 50 mW max 
-20 dB max 
10 n Vrmsmax 
Waterproof and dust proof type (JIS C 0920) 
-10to50°C 
-20 to +70°C 
Dia 86 X 49 5 mm 
(excluding the height of the stand foot) 
Approx 720 g 
(with an exclusive cable connected) 
3-support type 
Exclusive cable (0 3 m) 
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